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MINERALOGY AND PETROLOGY OF THE ROCKS NEAR THE 
QUADRANT-PHOSPHORIA BOUNDARY IN 
SOUTHWEST MONTANA 


CHARLES E. WEAVER* 
Shell Development Company, Houston, Texas 


ABSTRACT 


A petrographic study was made of the rocks near the boundary of the lower Pennsylvanian 
Quadrant and the Permian Phosphoria formations. The mineralogy is described in detail and 
some of the detrital minerals, quartz, chert, tourmaline, and zircon, are subdivided into a variety 
of species. The chemical minerals described in detail are chert, calcite, dolomite, collophane, 
kaolinite, and illite. 

The Quadrant in this area is composed largely of fine-grained siltstones (dolomitic, illitic, and 
kaolinitic) and carbonate rocks. There is little significant difference in the detrital minerals of 
the two formations. However, the Phosphoria contains a much larger percentage of chemical 
rocks than the Quadrant. 

The detritus of the two formations was primarily derived by the reworking of older sediments. 
The minerals of the two formations, in this basin-edge area, comprise a quartzite-limestone 
series and are typical of a period of near peneplaination in the source area and belong in the 
shallow water marine facies of sedimentation. It is indicative of epeirogenic tectonic control both 
in the source area and in the locus of deposition. The rocks in the Phosphoria are modified by the 
deposition of an abundance of authigenic minerals and a decrease in detrital minerals. This 


modification was likely caused by an abundance of volcanic material in the source area. 


INTRODUCTION AND GENERAL GEOLOGY 
Statement of the Problem 


In southwest Montana the boundary 
between the Quadrant formation of lower 
Pennsylvanian Age and the Phosphoria 
formation of Permian Age is difficult to 
place. Despite the supposition that the 
middle and upper Pennsylvanian forma- 
tions are missing there is little evidence 
of an unconformity or disconformity 
between the two formations. 

A petrographic study was made of 
three sections along the northern bound- 
ary of the Quadrant and Phosphoria 
basin. Samples were collected from the 
Quadrant and up through the lowermost 
phosphate beds in the Phosphoria. An 
effort was made to establish the environ- 
mental background leading up to the 
deposition of the phosphate beds and to 
determine the lithologic differences across 
the paleontological boundary. 


* This work was done in 1949-1950 at the 
Pennsylvania State University. 


During the summer of 1948, 130 sam- 
ples were collected in southwest Montana 
across the Quadrant-Phosphoria bound- 
ary from three trenches dug by members 
of the U.S. Geological Survey. 

The location of the three trenches is 
shown on the map (fig. 1). They lie 
roughly in a straight line, 50 miles long, 
trending northwest. The stratigraphic 
sections showing where samples were 
collected are shown in figure 2. At Wad- 
ham’s Spring 70 feet of Quadrant and 
55 feet of Phosphoria were sampled; 
at Kelly Gulch 25 feet of Quadrant and 
115 feet of Phosphoria were sampled; at 
Sheep Creek five feet of Quadrant and 
105 feet of Phosphoria were sampled 
(fig. 2). 

The trenches were all dug on the 
limbs of moderately folded anticlines 
which dipped 40° to 50°. The folding at 
Kelly Gulch was more intense than at the 
other two localities. The entire region 
contains numerous faults and _ small 
igneous dikes. 
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Stratigraphy 


The Quadrant formation, although 
having few fossils, is thought from its 
known faunal and stratigraphic relations 
to be of lower Pennsylvanian, Des 
Moines age (Branson, 1939). 

Scott (1935) stated that ‘“‘the Quadrant 
quartzite is unquestionably a westward 
extension of the Tensleep sandstone.” 
The uniform Tensleep sandstone is found 
in practically all of Wyoming, but it 
wedges out to the north and northwest 
in Montana where it is known as the 
Quadrant. It grades southward into the 
Weber of Colorado and Utah and west- 
ward it is correlated with the lower por- 
tion of the Wells (Branson, 1939). 

The Tensleep in central Wyoming, 
near the type area, is 200 to 500 feet 
thick and composed largely of sandstone 
cross-bedded in the upper part. Massive 
dolomite beds are abundant in the upper 
part and limestone in the lower; shale 
is seldom found; chert is abundant as 
nodules and nodular beds. Many of the 
sandstone beds are cemented by carbon- 
ates. The Quadrant in southwest Mon- 
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Fic. 1.—Map showing the location of the 
three sections sampled. 
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tana is a uniform, fine-grained, slightly 
cross-bedded sandstone similar to the 
Tensleep. The formation ranges from 
75 to 1000 feet thick, and is usually be- 
tween 200 and 300 feet thick. 

Rocks of the Phosphoria formation are 
found at scattered areas in central and 
northern Nevada and Utah, central and 
western Wyoming, and most of eastern 
Idaho and western Montana. 

Frenzel and Mundorff (1942) reported 
the first discovery of fusulinids in the 
Phosphoria, found near Three Forks, 
Montana, at the base of the Phosphoria, 
silicified within chert nodules. They have 
been identified as Schwagerina laxissima 
and a new species named Pseudo- 
schwagerina montanensis. Schwagerina 
laxissima is a zonal guide fossil found in 
the basal Permian (Wolfcamp and 
Heuco) of Texas. Miller and Cline (1934) 
reported an occurrence of ammonites in 
the Sublette Mountains of western 
Wyoming, 60 feet above the base of the 
Rex chert. The ammonites, according to 
Miller and Furnish (1940), indicate 
Word or possibly Leonard age for the 
enclosing rocks. 

Thus, faunal evidence suggests that 
beds of the Phosphoria formation repre- 
sent more than one epoch of the Permian. 

The Phosphoria formation, 460 feet 
thick at its type section (Richards and 
Mansfield, 1912) in southeastern Idaho, 
is divided into two distinct lithologic 
units. The upper unit consists of massive 
limestones and cherts and is called the 
Rex chert member. The lower unit com- 
prises the Phosphatic shales. 

The Rex chert member is conspicuous 
for its massive beds of chert which reach 
a thickness of 60 feet. The Rex member 
also contains beds of cherty limestone 
and shale—in fact, these are the domi- 
nant components in places. 

The Phosphoria formation, though 
there is a great deal of minor variation 
over short distances, has a fairly uniform 
lithology and thickness through south- 
east Idaho, northern Utah, and south- 
west Wyoming. The thickness of the 
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Phosphatic shale member is generally 
around 180 feet (McKelvey, 1946). 

In central and northwest Wyoming, 
where the formation is 100 to 300 feet 
thick, the phosphate rock occurs at two 
principal horizons. One is near the base 
of the Phosphoria formation, at times 
lying directly on top of the Tensleep, and 
the second is 20 to 130 feet above the 
lower zone. The maximum thickness of 
the upper bed is 50 feet and it thins to a 
few inches in the northwest corner of 
Yellowstone Park. 

The two zones are separated by chert, 
limestones, and shales. The lower zone is 
thinner and not as extensive as the upper 
zone. It is also different from the other 
in that it consists at some places almost 
entirely of detrital phosphatized mollusk 
shells. This lower bed is usually separated 
from the underlying Tensleep or Quad- 
rant by limestones and cherts. The 


underlying limestones are sometimes 
grouped with the Quadrant. The upper 
portion of the Phosphoria, equivalent to 
the Rex chert of Idaho, is composed 
largely of quartzite in western Wyoming 


and grades into limestone in central 
Wyoming. 

In west central Montana and south- 
western Montana the Phosphoria varies 
from 100 to 500 feet in thickness; it is 
similar to the Phosphoria of western 
Wyoming. The upper oolitic phosphate 
zone is everywhere present, varying in 
thickness from eight to 20 feet. The 
oolitic phosphate rock occurs as individ- 
va) Jayers an inch to a foot or two in 
thickness and has five to seven or more 
members; they are separated by dark 
phosphatic shales. 

Cherts, limestones, dolomites, and 
dolomitic, kaolinitic, and illitic siltstones 
separate the two zones. The lower zone 
is absent in north central Montana, but 
it is present in southwest Montana. The 
zone is generally quite thin, and consists 
of two or three one inch bands of phos- 
phate rock separated by a few inches of 
phosphatic chert. West of Lima this 
zone is 50 feet thick (Cressman, 1950). 
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This lower zone lies from 30 to 150 feet 
above the Quadrant quartzite, separated 
from it by dolomites, cherts, siltstones, 
and, occasionally, thin beds of quartzite. 
Richards and Pardee (1925) found 
places in the Melrose district where the 
lower phosphate bed rested unconform- 
abiy upon the Quadrant quartzite; how- 
ever, in the region sampled by the writer 
there was no evidence of an unconform- 
ity. 

The upper or Rex chert member, in 
southwest Montana, is a massive, bedded 
chert. 


MINERALOGY AND COMPOSITION 
Major Constituents 
Quartz 


Detrital quartz is abundant in both 
the Phosphoria and Quadrant formations 
of southwestern Montana. The ortho- 
quartzites, which are the predominant 
rock type of the Quadrant formation, 
contain about 80 percent to 97 percent 
detrital quartz. Orthoquartzites form 
only about eight percent of the Phos- 
phoria formation but detrital quartz 
occurs in every rock type in the Phos- 
phoria. It makes up about 45 to 85 per- 
cent of the siltstones, two to 40 percent 
of the dolomites and limestones; at least 
a few grains are generally present in the 
cherts. 

Plutonic Quartz.—In this group are 
placed grains which have no or moderate 
strain shadows and relatively few inclu- 
sions. 

By far the largest portion (about 95 
percent) of the detrital quartz in both 
formations was derived originally from 
plutonic quartz. Though some of the 
grains are free of inclusions, most con- 
tain bubbles and vacuoles (cavities) of 
various types: (1) small disseminated 
bubbles, (2) bubble trains or planes, (3) 
elongated and dendritic vacuoles. All 
three types occur in both the Quadrant 
and Phosphoria. 

The disseminated bubbles are the most 
abundant, frequently being the only 


/ 
: 


inclusions in a grain. Bubble planes that 
cross one another are occasionally found 
in the two formations but they never 
cross grain boundaries, indicating that 
they were formed before the grains were 
deposited as Quadrant and Phosphoria 
quartzites. 

Bubble planes seldom occur alone; 
they are usually associated with dis- 
seminated bubbles, and occasionally with 
the elongated and dendritic type of 
cavities. 

The elongated and dendritic type of 
cavities, fairly abundant in most of the 
Quadrant samples, are rare in the Phos- 
phoria samples. 

On a quantitative basis, bubble inclu- 
sions are more abundant in the Quadrant 
than in the Phosphoria samples, mainly 
because bubbles appear to be much less 
prevalent in silt-sized (most abundant in 
the Phosphoria) than in _ sand-sized 
particles. This is probably because of 
the tendency of quartz to fracture along 
the direction of planes of bubbles. The 
number of bubbles in samples of equiv- 
alent grain size is about the same in 
both formations. 

Crystal inclusions in both formations 
are identical in type and similar in 
abundance. Rutile needles are the most 
common, occurring in as many as 10 to 
15 grains in a normal thin section. Brown, 
olive, and gray tourmaline, colorless zir- 
con, apatite, and quartz are present as 
round, prismatic inclusions. 

At Wadham’s Spring and Sheep ‘Creek 
about 30 percent of the plutonic quartz 
grains in both formations show straight 
extinction, and the other 70 percent has 
from slight to moderate undulose extinc- 
tion. Some of the undulose extinction 
may be due to post-diagenetic folding, as 
at Kelly Gulch where all of the quartz 
grains show moderate to strong undulose 
extinction and have moderately cren- 
ulated borders. (Kelly Gulch is in the 
Pioneer Mountain Range where the 
sediments are more intensely folded than 
at the other two localities.) 

End Phase Quartz.—A\l quartz which 
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crystallized in the late stages of magmat- 
ic differentiation, including pegmatitic 
and vein quartz, is considered end phase 
quartz. This quartz is characterized by 
flamboyant extinction, comb structure, 
and an abundance of parallel bubble 
planes. 
End phase quartz is present in” att 
samples of the Quadrant in amounts 
ranging from two to four percent. Traces 
occur in the Phosphoria rocks. 
Metamorphic Quartz.—The metamorph- 
ic quartz grains are composed of tight!y 
packed individual grains which range in 
size from 10 to 50 microns, and whose 
borders show various degrees of crenula- 
tion. The extinction in all cases is 


undulose and in some grains anomalous: 
blue interference colors can be seen. A 


few bubbles may be present, and occa- 
sionally inclusions of sillimanite may be 
seen, 

This type of quartz is found in all sam- 
ples of the Quadrant in amounts ranging 
from one to two percent. Traces are 
found in the Phosphoria quartzites. 


Fic. 3.—(S6b) Lath-shaped quartz as a con- 
stituent of dolomitic siltstone. X50. 
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Volcanic Quartz—Several Phosphoria 
silt and sandstone samples contain four 
to 10 percent of lath shaped quartz 
grains (fig. 3). Most of the laths consist of 
single grains, but many are made up of 
several individual quartz units. Ray 
(1947) and Wager, et al (1953), have 
reported lath quartz of this nature para- 
morphic after tridymite. 

Authigenic Quartz Overgrowths— 
Authigenic quartz overgrowths are pres- 
ent in all samples of the Quadrant and in 
all of the orthoquartzite samples and one 
dolomitic limestone sample of the Phos- 
phoria. The percentage present varies 
from less than one to 10 percent and 
averages one to two percent of the total 
quartz. With the exception of two sam- 
ples, overgrowths occur on 65 to 90 per- 
cent of the grains in the Quadrant quart- 
zites and generally occur on only a few 
grains in the Phosphoria samples, though 
in one sample they occur in 30 percent 
of the grains. 

Though there was an abundance of 
silica in the Phosphoria sea, as indicated 
by the large amount of chert deposited, 


few overgrowths formed. In nearly all 
cases the quartz sand and silt rocks con- 
tain authigenic kaolinite and illite in the 


interstices. The chemical environment 
was evidently more favorable for the 
growth of clay than for the development 
of quartz overgrowths. 

The overgrowths, in optical continuity 
with the quartz, are colorless, and fre- 
quently contain bubble inclusions. They 
average 10 to 15 microns in thickness and 
reach a maximum of 50 microns. 

The overgrowths, in all cases, in both 
formations are separated from the detri- 
tal grains by a single layer of bubbles. 
These bubbles have all the characteris- 
tics of the bubble inclusions within the 
detrital quartz grain; they are one layer 
in thickness, parallel to the quartz grains 
and are narrow and elongated, varying 
from one to 10 microns in size. A possible 
explanation is that the original quartz 
grains were pitted or corroded and the 
silica in solution was first deposited on 
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the elevated ridges on the grain surface 
and gradually coalesced, forming a solid 
sheet, as the hygroscopic silica held the 
water in the depressed areas. 

Irregular patches of microcrystalline 
quartz (chert) occur locally in both for- 
mations as matrix. When this is present 
the oriented quartz overgrowths grade 
into the unoriented grains of micro- 
crystalline quartz. The microcrystalline 
quartz shows evidence of originally re- 
placing a fossiliferous calcite cement. 

Microcrystalline Quartz.—Microcrys- 
talline quartz comprises approximately 
95 percent of the chert rocks and grains 
in the Quadrant and Phosphoria forma- 
tions. It occurs in two ways: (1) as 
detrital, second cycle grains, and (2) as 
nodules and beds and as a cement in 
quartzites. The first type will be de- 
scribed in detail under rock fragments. 

Round, elliptical chert nodules, rang- 
ing from five to 20 mm, are commonly 
present in the carbonate rocks. The 
nodules are composed largely of micro- 
crystalline quartz, though fibrous chal- 


Fic. 4.—(W13b) Electron micrographs of 
chert showing irregular xenomorphic patches 
of microcrystalline quartz. 1530. 
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cedony frequently comprises 10 percent 
of the chert. The nodules have a sharp 
contact with the enclosing carbonate rock. 

Under the petrographic microscope 
microcrystalline quartz occurs as tightly 
packed grains of quartz, varying in size 
from less than one to 60 microns in 
diameter, and averaging five to 10 
microns. The smaller grains appear to 
have irregular interpenetrating bound- 
aries, (electron-micrographs show that in 
many cases this is merely a pseudo fea- 
ture as the chert can be seen to be com- 
posed of small grains which have sharp, 
distinct borders) whereas the larger 
grains have, as a whole, smooth, sharp 
boundaries. The large majority of the 
grains are xenomorphic and subequant; 
a few of the larger grains are hypidio- 
morphic. All of the grains are anisotropic, 
though some of the smaller grains must 
be examined under extremely brilliant 
light in order to see any interference 
colors. All of the grains show a pseudo- 
undulose extinction. 

Inclusions are common, with bubble 
inclusion being the most abundant. Fine 
shreds of sericite or illite are common, 
though it is not clear whether they occur 
within the grains or between the grains. 
Irregular chunks of clay are sometimes 
observed. In many grains carbonate in- 
clusions are abundant, these frequently 
show indistinct outlines of replaced 
fossils. Dolocasts and dolomite rhombs 
are common. 

The color of the quartz crystals varies 
from colorless (rare) to various shades 
of tan and dark gray. The tan color is due 
to bubble inclusions and the gray color 
is probably due to inclusions of clay or 
organic matter. The index of refraction 
in the clear colorless varieties of micro- 
crystalline quartz is equal to that of 
igneous quartz, whereas microcrystalline 
quartz containing a considerable number 
of bubble inclusions has an index lower 
than quartz. This is due to the effect on 
the refraction of light caused by the 
bubbles, which have an index consider- 
ably less than quartz. 


Fic. 5.—(K20) Electron micrograph of 
chert showing distinct grain outlines. Grains 
marked with an A appear to have been frac- 
tured. 2400. 


Electron micrographs were taken of 
collodion replicas of four chert nodules 
from the Phosphoria. As can be seen by 
the prints (figs. 4 and 5), there is a strik- 
ing difference in the electron’ micro- 
graphs of two of the samples—both chert 
nodules. Sample W13b (fig. 4) is com- 
posed of indistinct, tightly packed, 
xenomorphic patches of quartz; sample 
K20 (fig. 5) is composed of distinct, 
tightly packed, individual particles. 

Figure 5 is a low power electron micro- 
graph showing a relatively large, typical 
field of view of chert sample K20; the 
grains vary from equant to prismatic, the 
majority average one to three microns in 
size, and reach a maximum of 10 microns. 
Most of the grains have smooth contin- 
uous surfaces that appear to be normal 
grain surfaces. Several larger grains 
appear to have been broken across. 

The pseudo-undulose extinction of 
microcrystalline quartz can be easily 
explained now that the grain size can be 
determined. If the average grain size is 
three microns, a thin section 30 microns 
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thick will have 10 layers of microcrystal- 
line quartz particles atop one another; 
any variation in orientation would give 
the effect, in the thin section, of undulose 
extinction. 

The chert appears to be of two distinct 
types under the petrographic microscope. 
In the thin section of sample W13b the 
chert is extremely fine-grained, averaging 
one micron, and has a typical pepper and 
salt birefringence.(The grain size of chert 
in thin sections is based on a measure- 
ment of distinct birefringent units and is 
not an actual measure of grain size.) The 
thin section contains one to three percent 
of finely disseminated carbonate grains, 
less than one micron in diameter. There 
are also fusulinids and other fossil frag- 
ments which have their calcite shells re- 
placed by microcrystalline quartz. It is 
possible that, in addition to the fossils 
being replaced, a limestone matrix con- 
taining the fossils has been replaced by 
microcrystalline quartz, and the dis- 
seminated carbonate grains are a rem- 
nant of the original limestone. 

The presence of dolomite in the outer 
borders of chert nodules and the presence 
of replaced calcite fossils in the interior of 
the nodule (assuming that dolomitization 
destroys calcite fossils) means that the 
time of replacement by microcrystalline 
quartz and by dolomite overlap. The 
microcrystalline quartz replaced some of 
the calcite fossils before they were de- 
stroyed by dolomitization, but as replace- 
ment by the microcrystalline quartz 
continued dolomite replaced the sur- 
rounding calcite, and the microcrystal- 
line quartz, in turn, replaced the dolomite. 

Sample K20 is coarser grained than 
sample W13b (under the petrographic 
microscope), the grains averaging five 
microns. There is only a trace of dis- 
seminated carbonate grains less than one 
micron size and no fossils. There are 
many lenses and veins of coarse grained 
vein quartz and fibrous chalcedony in the 
chert. It appears that the chert was 
originally deposited as a primary gel and 
that upon consolidation dehydration 
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Fic. 6.—(K22a) Interfingering micro- 
crystalline quartz and collophane. The collo- 
phane apparently replaced the quartz. The 
darker colored material is the collophane. 


x70 


cracks formed; a reorganization of the 
silica in the gel, or the addition of new 
silica from some extraneous’ source, 
formed the larger vein crystals and the 
fibrous chalcedony in the dehydration 
cracks. If this chert sample (K20) were 
formed by primary deposition and the 
other sample (W13b) formed by re- 
placement it would give a ready explana- 
tion of the differences apparent in the 
electron micrographs. 

Thin beds of chert are commonly found 
intimately associated with phosphate 
rock and as a result they commonly con- 
tain a few grains of glauconite and collo- 
phane. Sample K22a shows the massive, 
authigenic collophane interfingering with 
microcrystalline quartz (fig. 6), the 
collophane appears to have replaced the 
chert since spots can be seen where it 
corrodes and partially replaces grains of 
detrital quartz and chert. 

At Sheep Creek a 17-foot bed of chert 
separates two thin beds of phosphate 
rock and a nine-foot bed of chert occurs 
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above the upper phosphate bed. Siliceous 
sponge spicules are abundant; carbonate 
grains are rare; five to 10 percent of silt 
size detrital quartz and one to two per- 
cent of muscovite and illite are commonly 
found in the chert. Most of the bedded 
chert has an interfingering white and 
gray color. The white chert is composed 
of coarse-grained, microcrystalline quartz 
and chalcedony, whereas the gray chert is 
composed of fine-grained (one micron) 
microcrystalline quartz, which generally 
contains more detrital material than the 
white chert. 

Chalcedony.—Chalcedony is a finely 
fibrous variety of quartz that is generally 
associated with microcrystalline quartz 
in chert. It occurs both in detrital grains 
of chert and in authigenic chert. Detrital 
grains are scarce, but a few were found in 
all of the orthoquartzite and sandy car- 
bonate samples. In addition to forming 
the entire grain, it frequently is found as 
veins crossing grains of microcrystalline 
quartz. The mineral generally has a 
fibrous extinction and is length-fast; 
however, in sample S12, spherical grains 
have a feathery, flame-like birefringence. 
These grains (S12) have a concentric 
structure which can be seen in reflected 
light; they commonly contain altered 
pyrite cubes. 

Chalcedony forms approximately five 
percent by volume of the authigenic 
chert examined. It is generally less than 
this but on rare occasions forms as high 
as 30 percent of the chert where fossils 
are abundant. Occasionally it is found as 
spherulites with the typical black cross 
showing under crossed nicols; more com- 
monly it is associated with replaced 
fossils, occurring as short clear fibers re- 
placing the fossil shell and as long 
bubble-filled fibers (which average 25 
microns in length and range up to 150 
microns) filling the inside of the shell. 
It is also found as irregular patches grow- 
ing from a nucleus. The nucleus is micro- 
crystalline quartz which grades into 
coarse vein quartz and from that into 
fibrous chalcedony. 


Rock Fragments 


Only quartzite and chert are present 
as rock fragments. 

Metamor phic Quartzites.— Described un- 
der quartz (metamorphic). 

Chert.—Detrital chert grains are com- 
posed largely of the previously described 
microcrystalline quartz. In a few grains 
3mall veins of chalcedony cross grains of 
Microcrystalline quartz. There are one or 
two grains composed completely of 
tibrous chalcedony in each sample. 

The chert grains have a range in size 
similar to that of the quartz grains. The 
chert is usually better rounded than the 
quartz, has smooth borders, and is 
slightly elongated. Detrital chert is pres- 
ent in all of the orthoquartzites in 
amounts ranging from one to 11 percent 
and averages four percent in both forma- 
tions. 

: The chert can be subdivided on the 
basis of the size of the microcrystalline 
quartz making up the grain. There are 
three natural size groups: (1) grains less 
than two microns—mere pinpoints that 
are dark under crossed nicols, (2) grains 
between five and 15 microns, (3) grains 
between 15 and 60 microns. Mixtures 
of two or more types are not common 
except when the grains are crossed by 
veins. The three types occur in the same 
relative amounts in nearly all samples of 
both formations. The largest size occurs 
only as a trace—frequently some of the 
crystals in this size are singly terminated 
and hypidiomorphic. The second type 
(§-15 microns) is generally the most 
abundant, making up 65 to 75 percent of 
the total chert in a sample. The first type 
(less than two microns) is next in abund- 
ance, making up 25 to 35 percent of the 
total chert. In only one sample, WS, is 
the relative abundance of the two major 
types reversed. 

Small carbonate inclusions and dolo- 
mite rhombs are infrequent. Sericite- 
illite shreds, five to 10 microns long, are 
common as inclusions in the chert grains; 
they are unoriented and vary from one or 
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two per grain, up to three percent of the 

total grain; they are found in the chert 

of all samples, generally occurring in 

approximately 25 percent of the chert 

grains; they commonly occur in the finer 

grained chert. 
Micas 

Muscovite—Muscovite shreds are 
scarce in the orthoquartzite, and are 
most abundant (0.5 to two percent) in the 
siltstones and impure carbonate rocks. 
In a thin section they show up as typical, 
long narrow shreds, frequently slightly 
bent as they are wrapped around quartz 
grains. The shreds range from 0.03 to 
one mm long and are 0.005 to 0.025 mm 
wide. The distinctive round oval shape 
of these flakes, which can be seen in the 
heavy mineral separate (described under 
heavy minerals), is not evident in any of 
the thin sections. 

Chlorite—Chlorite is found only in the 
slightly metamorphosed orthoquartzite 
at Kelly Gulch. It occurs as small shreds, 
average 0.02 mm intimately mixed with 
limonite as a coating on quartz grains, 


and as aggregates of books filling voids 
between grains. It forms one to two per- 
cent of the rock. 

As kaolinite is found in the unmeta- 


morphosed orthoquartzites from the 
other two localities it seems likely that 
the chlorite was formed by low-grade 
anamorphism of kaolinite. 

Biotite—Several flakes of altered bio- 
tite were found in sample K17. It occurs 
as subequant, angular flakes. About 
two-thirds of the flakes consist of color- 
less, roughly parallel shreds. The brown 
portion of the flake has a light brown to 
dark brown pleochroism. The flakes ap- 
parently have had much of the iron re- 
moved from them. 


Collophane 
Collophane occurs as individual grains 
and as cement. It is concentrated in 
thin bands, a few inches wide, separated 
by beds of orthoquartzite, limestone, and 
chert, and forms the lower phosphate 
zone in the Phosphoria formation. At 
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Sheep Creek, twenty feet above this 
zone, there is a thin (1.4 mm) band of 
collophane cement. In addition, a few 
grains of collophane are found in car- 
bonate rocks both above and below the 
phosphate zone; collophane bone frag- 
ments were found in one sample of the 
Quadrant orthoquartzite. 

The collophane varies from colorless to 
medium brown. It is generally isotropic, 
but frequently bone fragments have nar- 
row bands which show a gray to white 
birefringence. The collophane consists of a 
submicroscopic aggregate of apatite crys- 
tals which contain varying amounts of 
adsorbed and capillary water (Frondel, 
1943). X-ray patterns show that the 
collophane in the sample from the lower 
phosphate zone is composed of fluor- 
apatite. 

Electron micrographs of a crushed 
sample of oolitic collophane show highly 
irregular, indented borders which are 
presumably caused by the aggregate 
(apatite) structure of collophane. 

The collophane grains can be divided 
into three types: (1) bone fragments, (2) 
oolites, and (3) irregular grains. The 
bone fragments have a great variety of 
shapes with their borders ranging from 
angular to round. They frequently show 
some weak birefringence. The oolites are 
spherical to egg-shaped with round 
borders. They range in size from 0.14 to 
0.90 mm. The oolites have one or two 
concentric bands. Inclusions are abund- 
ant: quartz, chert, collophane, and 
glauconite. Oolites are found only in the 
phosphate zone. The third or irregular 
grain type is the only type found in 
the carbonate rocks. The grains are 
generally irregular with rough borders 
though occasionally grains are placed in 
this type with round borders that do not 
appear to fall into either of the other two 
types. The irregular patches sometimes 
appear as wormy intergrowths in calcite 
grains, which indicates replacement of 
the calcite by the collophane. Inclusions 
of quartz grains and mica shreds are 
present in this type. 
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Collophane rock contains collophane 
which acts as a cement and shows no 
grain boundaries; it is found commonly in 
the phosphate zone. The cement forms 
50 to 60 percent of the rock, enclosing 
grains of quartz, chert, mucovite, glauco- 
nite, and collophane (generally oolitic). 
The cement is generally brown. At Sheep 
Creek it is structureless; at Kelly Gulch 
it has irregular streaks which show a gray 
to white birefringence (this may be due 
to strain which was greater at Kelly 
Gulch than at Sheep Creek). The colo- 
phane cement frequently intimately in- 
terfingers with microcrystalline quartz 
(fig. 6). Outlines of sponge spicules are 
found in both the collophane and the 
microcrystalline quartz. Detrital chert, 
enclosed in the vollophane cement con- 
tains irregular patches of collophane 
and occasionally has irregular replace- 
ment borders. From the above evidence 
it appears possible that some of the collo- 
phane has replaced’ microcrystalline 
quartz. 


Clay Minerals 


Three clay minerals were identified: 
kaolinite, illite, and montmorillonite. 
The identification was verified, in most 
cases, by X-ray patterns, though differ- 
ential thermal patterns and electron- 
micrographs were also used. Some clay is 
found in all rocks. Table 1 shows the type 
of clay found in each sample and the 
relative abundance based on the intensity 
ef the X-ray pattern. 

A trace of kaolinite is found in all the 
Quadrant quartzites except at Kelly 
Gulch where it is believed to have altered 
to chlorite. Kaolinite is present in the 
Phosphoria at Wadham’s Spring and at 
Sheep Creek and occurs in a few samples 
at Kelly Gulch; illite is the most abund- 
ant clay at Kelly Gulch but is found only 
in trace amounts at the other two 
trenches; montmorillonite is found in one 
sample at Wadham’s Spring and one at 
Sheep Creek. 

Kaolinite-—Kaolinite is widely dis- 
tributed in the Quadrant, though com- 


prising less than one percent of the rock. 
Yt commonly occurs as linings of voids, 
sometimes completely filling the voids; 
less commonly it 1s found between grains. 

The detrital silicate rocks in the 
Phosphoria of Wadham’s Spring and 
Sheep Creek contain amounts of kaolinite 
varying from one to 20 percent, based on 
estimates from thin sections. About half 
of the thin sections contain one to five 
percent and the other half 15 to 20 per- 
cent kaolinite. The finer-grained rocks 
(siltstones) generally contain the larger 
amounts of kaolinite. The clay is un- 
oriented, and where it is present in small 
amounts it commonly occurs as fine 
shreds two to five microns long coating 
grains. Equant kaolinite books, worms, 
and irregular masses, averaging 0.08 mm 
in width, are present in all samples; the 
hooks generally contain some illite inter- 
layers which have a higher birefringence 
than the kaolinite. In samples where 
there is 15 to 20 percent of clay, kaolinite 
eccurs as a nest between grains, fre- 
quently forming a roughly lenslike mass. 
Some of the kaolinite is probably authi- 
genic. 

Figure 7 is an electron micrograph of 
the insoluble residue of dolomite sample 
S4a which gave a strong kaolinite X-ray 
pattern. This micrograph shows typical 
well-developed, hexagonal _ kaolinite 
flakes which range in size from one-half to 
four microns. 

Illite—A few shreds of illite are pres- 
ent in the kaolinite clay found in the 
Quadrant and in the Phosphoria of Wad- 
ham’s Spring and Sheep Creek. At Kelly 
Gulch illite is the most abundant clay 
mineral. 

Illite is present in amounts ranging 
from one to 20 percent based on esti- 
mates from thin sections. It commonly 
forms thin coatings between quartz 
grains. Frequently it is found replacing 
dolomite and quartz grains. Nests of illite 
hooks and vermicular grains, averaging 
6.04 and 0.08 mm, are common (fig. 8). 
The illite appears to be largely authi- 
genic. 
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HCl 
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Wi15 M M M 37 
W16b 10 85 94 
16c 48 48 96 
16d 49 49 97 
- 16e 97 97 
16f 98 98 
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16h 92 91 
W17 W 48 88 
Wi8 S 
‘ W19a W 43 44 87 
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S5 
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Qtz. Dol. 


Cal. , 


Ixao. 


Sheep Creek 


MF. Apatite 


M 
M 
Ww 


Montmorillonite 


(S)W 


+ RESIDUE 


Kelly Gulch 


S 
M 
S 
S 
M 
S 
3 


Fluor Apatite 


GB 
¥ 


M = Moderate. 
W =Weak 
The table lists the intensity of the X-ray 


spectrometer patterns of minerals in the bulk 


sample, size fractions, and residues of most of the samples collected from two formation. 


Figure 9 is an electron micrograph of 
the fine fractions of an illitic siltstone 
from Kelly Gulch. It shows xenomorphic, 
thin, smooth bordered flakes, typical of 
the better developed illites. 

Montmorillonite—Two occurrences of 
montmorillonite were found. Sample S18 
was taken from a network of thin veins, 
one to two inches wide, in a thick bed of 
dolomite at Sheep Creek. The veins, 
which bear no relation to bedding, con- 
sist of dark brown, hard, almost pure 


montmorillonite clay. 
‘ indicate that approximately 10 percent 
. quartz is associated with the montmoril- 
_lonite. 


X-ray patterrs 


The second occurrence is in the in- 


‘soluble residue (10 percent) of the dolo- 
‘mitic limestone at W19b. The mont- 


morillonite occurs, entrapped in, and 
coating, authigenic microcrystalline 
quartz. 

: Though some of the clay is detrital, 
the many books, nests, and vermicular 


S12 
Sis 
Si 
S18 
S2b M 
‘ S18 
4b 24 | 
K5a | 
se 15 | 
5d 15 : W | 
: K8 | 
Ki0 21 | 
K12 16 | 
K13 16 i | : 
K14 
K15 23 | 
K1l6a | 
16b 
K17 16 W | 
K18 21 | 
K19a 16 | 
K19b 21 : = | 
K22a 
S=Strong. : 
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worms of kaolinite and illite indicate 
that much of it is probably authigenic. 
The fact that different clays are con- 
centrated in different areas indicates 
that growth was controlled by the local 
physical and chemical environments. 
The vein montmorillonite in sample 


S18 is likely of hydrothermal origin. 


Hematite and Limonite 


Hematite and limonite occur together, 
the limonite generally weathering from 
the hematite. These iron oxides are 
found in nearly all samples of the Phos- 
phoria and approximately in half of the 
samples of the Quadrant. 

Limonite is found coating grains, lin- 
ing voids, intermixed with various clays, 
and as irregular patches, veins, and 
stringers. Frequently it can be observed 
spreading outward in irregular stringers 
from isolated crystals, masses, or veins of 
hematite. 

Hematite, as mentioned, is generally 
altered, completely or in part, to limo- 
nite. At Kelly Gulch sample K14 con- 
tains a thick band, one-half inch wide, 


and several smaller stringers where 


hematite occurs as translucent, golden 


Fic. 7.—(S4a) Electron micrograph of 
kaolinite in the insoluble residue of dolomite. 
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red, crystalline flakes. Quantitative 
chemical tests show that this band con- 
tains 47 percent iron oxides. Hematite 
in most of the samples is found as xeno- 
morphic, isolated grains or narrow veins. 

In chert, limonite and hematite are 
frequently found as pseudomorphs after 


pyrite. 
Carbonates 


Two carbonate minerals, calcite and 
dolomite, are abundant in the Phos- 
phoria formation, but are found in only 
four samples of the Quadrant (and then 
only as traces in overgrowths or in 
microcrystalline quartz cement). 

Table 1 shows the percentage of total 
carbonate minerals present in each sam- 
ple, based on the percentage by weight of 
the amount of each sample soluble in 1 N 
hydrochloric acid. This table also indi- 
cates the percentages of calcite and dolo- 
mite present. These percentages were 
based on the relative intensity of the X- 
ray reflections from the major calcite and 
dolomite peaks. Measured intensities of 
standard calcite-dolomite mixtures indi- 
cate that the percentages are correct to 
approximately + five percent. 

Calcite-—Most of the calcite occurs in 
the Wadham’s Spring samples. In only 
one sample, W17, is calcite found with- 
out dolomite being present. 

The calcite grains are colorless, sub- 
equant, and generally have jagged, ir- 
regularly interfingering borders; infre- 
quently xenomorphic grains occur with 
smooth, straight borders. 

The grains average 0.35 to 0.40 mm in 
diameter and range from 0.14 to 0.8 mm 
in diameter. Generally the larger calcite 
grains contain inclusions of unoriented 
calcite particles. These inclusions are 
gray in color, roughly equant, and average 
five to 100 microns. The calcite inclusions 
comprise 30 to 70 percent of the large cal- 
cite grains, are evenly distributed, and 
are seldom in contact with one another. 

Extremely fine-grained (one to three 
microns) calcite is found in chert show- 
ing partially replaced fossil outlines. 
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Fic. 8.—(K8) Nest of antigenic illite in a 
Phosphoria quartzite sample. 220. 


Dolomite-—In approximately half of 
the carbonate rocks at Wadham'’s Spring, 
dolomite occurs as the only carbonate 
mineral; in the other half it occurs 
associated with calcite. At Sheep Creek 
and Kelly Gulch dolomite is the only 
carbonate mineral present. Where dolo- 
mite is associated with calcite it forms 
distinct hypidiomorphic to idiomorphic 
inclusions in the larger calcite grains. 

In the dolomite rock the dolomite 
grains are colorless, equant, have dis. 
tinct, smooth grain boundaries, and are 
generally xenomorphic to hypidio- 
morphic in shape. The grains with an 
idiomorphic tendency commonly show 
rhombic cleavage. The grains range in 
size from three to 50 microns, with the 
great majority, in the carbonate rock, 
being in the 15 to 30 microns range; 
where the grains occur as a cement most 
of the grains fall in a three to eight mi- 
cron range. 

Where dolomite occurs as a cement 
(Kelly Gulch) it is found as isolated 
grains and stringers, and very seldom are 
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grains welded together in the fashion of a 
conventional chemical cement. 

The irregular gradation of dolomite in- 
to calcite, the occurrence of isolated dolo- 
mite grains in calcite, and the absence of 
fossils in the dolomite indicate that the 
dolomite has probably replaced the 
original calcite. The presence of dolomite 
breccia in the dolomitic limestones sug- 
gests that dolomitization had taken 
place relatively soon after precipitation 
of the primary calcite when the newly 
formed dolomite was within the sphere 
of wave action. 

insoluble Residues.—The insoluble res- 
idues. of all carbonate rocks (greater 
than 50 percent carbonate minerals) 
were examined. Several samples con- 
tained as much as 40 percent insoluble 
residue, but the majority contained from 
two to 18 percent residue, averaging 11.2 
percent. The residue consists of highly 
etched, detrital quartz grains (average 
grain size around 0.03 mm), authigenic 
chert in the form of irregular aggregates of 
microcrystalline quartz (0.04 to0.3 mm), 


kaolinite, illite, muscovite, microcline, 


Fic. 9.—(K14) Electron micrograph of illite 


from a dolomitic siltstone. 6800. 
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zircon, tourmaline, and rutile. At Wad- 
ham’s Spring the chert averages 26 per- 
cent of the residue; at Sheep Creek, 74 
percent. 


PETROGRAPHY 


Only eight samples were suitable for 
mechanical analyses: six from the Quad- 
rant formation and two from the Phos- 
phoria formation. U.S. Standard sieves 
were used. 

The Quadrant is typically a fine- 
grained sandstone. The six samples con- 
tain an average of 54.5 percent fine 
sand, which is the predominant size in 
five samples. In W3a, however, very fine 
sand predominates. The very fine sand is 
second in abundance, averaging 25.8 
percent of the total detrital grains; 
medium sand is relatively scarce, form- 
ing 6.5 percent of the total; coarse sand 
is entirely lacking. The silt (62.5-3.9 
microns) and clay (less than 3.9 microns) 
fractions together average 13.2 percent of 
the total weight as computed from the 
mechanical analysis. Pipette analyses 
show that the clay fraction constitutes 
approximately two percent of the bulk 
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sample, thus leaving 11 percent of the 
material in the silt size. The clay fraction 
is shown by X-ray analysis to consist 
largely of quartz, with minor amounts of 
kaolinite; some of the quartz was possibly 
produced during the mechanical dis- 
aggregation of the sand. 

In the two Phosphoria samples there 
is no striking modal class. The medium 
sand constitutes 4.5 percent, the fine 
sand forms an average of 35.5 percent, 
the very fine sand forms an average of 
31.1 percent, and the silt and clay class 
averages 27.0 percent of the total. The 
real differences between the two forma- 
tions is due to a slight increase in the 
amount of the very fine sand class, and a 
much larger increase in the silt and clay 
class of the Phosphoria samples. 

The cumulative curves (fig. 10) are 
similar to those of other well-sorted 
orthoquartzites and to those of modern 
near-shore sands. The amount of material 
finer than 4.5¢ in the Quadrant is less 
than 10 percent in all samples except W9 
where it is 16 percent. The Phosphoria 
samples have 21 and 22 percent material 


finer than 4.59. 


CUMULATIVE 


CURVES 


Fic. 10.—Cumulative curves of six Quadrant and two Phosphoria (K4a and K8) samples. 
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TABLE 2.—Significant size parameters 


So Sk 


QD¢ 


Phosphoria 
.66 .68 
.66 


Quadrant 
W12d 159 1.33 1.00 40 1.00 2.6 2.65 
wo .129 149 1.50 69 .58 1.25* 2.95 2.75 
139 92 39 1.13 2.85 
W3a P12 1.29 .89 .38 1.00 3.15 3.10 
wi .189 1.26 85 .33 50 2.40 2.35 
2.73 


* Extrapolated. 


The Poo value could be read from the 
cumulative curves of four of the samples, 
but it was necessary to plot the grain size 
analyses of samples W9, K4a and K8 on 
arithmetic probability paper and _ to 
extrapolate in order to obtain their Pogo 
values. 

The sorting value, So (in mm) was 
computed using the first and third quar- 
tile taken from the cumulative curves. 
Table 2 contains a list of the So values 
which range from 1.26 to 1.50 for the 
Quadrant and are 1.60 and 1.70 in the 
Phosphoria. All values are less than the 
2.5 values given by Trask (1932) as the 
maximum value for well-sorted sedi- 
ments. They also fall within the one to 
two range given by Hough (1940) for the 
sorting value of near-shore marine sedi- 
ments. The Phosphoria sandstones fall in 
the well-sorted range, though they are 
slightly less well-sorted than the Quad- 
rant. 

The QD@ and values (Q;-Q,/2) 
and (Poo-Pio/2) which measure the 
quartile and percentile deviation in @ 
units are a direct measure of sorting. The 
OD¢@ is the ¢ value equivalent to the So 
value. As would be expected, these values 
(table 2) show the same relationship be- 
tween formations as the So values. 

The average of the Md value of the six 
Quadrant samples is 0.146 mm; the aver- 
age of the Md value of the two Phos- 
phoria samples is .115 mm. 

Table 3 lists the modal grain size of all 


quartzites, siltstones, and detrital quartz 
(where it occurs as an accessory mineral 
in carbonate and chert rocks), as visu- 
ally estimated from the thin section. In 
the Quadrant, the estimated modal 
values of all samples fall in the sandstone 
class, with an average for the fifteen 
values of 0.144 mm. The rocks composed 
largely of detrital quartz in the Phos- 
phoria formation fall mainly in the silt 
size class, and have an average estimated 
modal value for ten samples of 0.042 
mm; however, there are a few beds, 
microveins (in carbonate rocks), and 
scattered grains which are in the sand 
size class. The average estimated modal 
values for the sand beds is 0.134 mm. 

The unique frequency curves are, as a 
whole, smooth and symmetrical. The most 
noticeable variation is in the peakedness 
of the curves, with the curves having the 
better sorting values showing a greater 
peakedness. The Mo values listed in 
table 2 range from 0.129 to 0.196 mm. 
The Mo values in all samples are slightly 
larger than or equal to the corresponding 
Md values. The skewness values (Sk, 
table 3) are all less than or equal to one, 
ranging from 0.66 to 1.00; these values 
indicated that the samples are skewed 
toward the fine fraction. 


Heavy Minerals 


The heavy minerals of the Quadrant 
and Phosphoria formations are few in 
number and type; they comprise from 


Sample Md Mo PD¢@ Mog 

K8 114 1.58* 3.13 2.95 
K4a 1.65* 3.10 2.95 
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TABLE 3.—Modal grain size of quartz grains as observed directly in thin sections 


Detrital quartz constitutes the majority of the rock sample except where 


the percentage is noted 


Sample Sample 


mm Sample 


mm 


Phosphoria 
(26%) K22a .30 
(20%) K21A 17 
K18 .06 st 
K17 19 qz 
qz 
S15 .14 (vein) K16b 04 st 
S15 .05 st K1i6a 04 st 
$12 12 qz K14 02 st 
(8%) Sila 04 c K9a 03 st 
$10c 04 st K8 12 qz 
(8%) W20 31333 S8b .015 st K7 12 qz 
(Tr.) W16h 03 i Sb6 .05 st K6 11 qz 
(1%) W16e 94 i S4 at K5b 03 st 
Wi3a .16 qz S2a 08 K4a 11 qz 
Quadrant 
Wi12g .16 qz Sid 16 qz K3b 12 qz 
Wi2e .14 qz Sila 16 qz Kid 10 qz 


* Lath quartz. 
qz—quartzite. 
st—-siltstone. 

i—insoluble detritals in carbonate rocks. 
c—detritals in chert. 


0.05 to 0.10 percent of the total weight 
of the rock. The percentage is usually 
higher in the Phosphoria where there is 
an abundance of authigenic collophane. 
Thirteen varieties of minerals are pres- 
ent: three opaque minerals (hematite, 
limonite, and leucoxene) and ten non- 
opaque minerals (anatase, apatite, collo- 
phane, garnet, glauconite, muscovite, 
rutile, titanite, tourmaline, and zircon). 
The opaques comprise from 20 to 50 per- 
cent of the total number of grains; zircon 
and tourmaline make up 98 percent of the 
nonopaques. All mineral types, except 
titanite, are present in both formations 
with minor variations in morphology 
and variety. The heavy minerals (sp gr. 
greater than 2.90) from 15 specimens 
were separated from the light minerals 


and examined; detailed counts were made 
of nine of the heavy separates. 


Mineral Suites 


The various types of tourmaline and 
rarer heavy minerals can be grouped into 
four suites. The classification of the 
tourmalines is based on that of Krynine 
(1946). 

1. The first suite consists of sub- 
rounded to well-rounded grains of tour- 
maline, zircon, and rutile, which were 
derived from older sediments. The tour- 
malines are well-rounded and range in 
size from 0.04 to 0.15 mm in size. 
Occasionally a rounded grain is found 
which has a colorless authigenic over- 
growth in optical continuity with the 
detrital tourmaline grain. The over- 
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growths are always rounded—evidence 
that they originated in a previous sedi- 
mentary cycle. All 17 varieties discussed 
below are found in this group. Rounded 
zircons, usually colorless, are grouped in 
this suite. The zircons range in size from 
0.03 to 0.15 mm. Rounded yellow, 
orange, and red rutile grains form the 
third, numerically least significant, mem- 
ber of this group. 

2. The second suite consists of those 
minerals that probably came from an 
area of high-rank metamorphic rocks, in- 
cluding contact aureole and pegmatitic 
minerals. Colorless, angular garnets, 
ovoid appatite grains, and angular to sub- 
angular xenomorphic fragments of blue 
and mauve colored tourmalines are found 
in this assemblage. Purple zircons, which 
are considered by British petrographers 
(Mackie 1923; Boswell, 1927; Brammall, 
1923) to have been derived in Great 
Britain from  Pre-Cambrian  meta- 
morphics, are also placed in this suite. 

3. The third suite is composed of those 
minerals that are considered to have 
come from low-rank metamorphic rocks. 
Round, oval shaped muscovite flakes, 
small, angular, xenomorphic grains of 
brown, colorless, and olive tourmaline 
and very small hypidiomophic grains of 
colorless tourmaline are placed in this 
group. Both types of tourmaline fre- 
quently contain carbonaceous inclusions. 

4. The fourth suite consists of the 
authigenic minerals. Large angular collo- 
phane grains are the most abundant. 
Apatite, anatase, and glauconite are 
common; grains of yellow authigenic 
rutile are rare. 

The first suite, consisting of minerals 
derived from previous sediments, is by far 
the most abundant; the authigenic 
assemblage is the second most common; 
the low-rank metamorphic assemblage is 
the third most abundant; the high-rank 
metamorphic assemblage is relatively 
rare, except for the purple zircons, which 
are more stable than most of the heavy 
minerals from this type of rock. (It is by 
no means certain that these zircons had a 
metamorphic origin.) The low rank 


metamorphic and the authigenic suites 
are slightly more abundant in the Phos- 
phoria than in the Quadrant. 


Detrital and Authigenic Minerals 


Anatase——Anatase is present in both 
formations as authigenic outgrowths on 
detrital leucoxene. Crystals are pale 
yellow, well-developed, tabular, and 
commonly have their corners truncated 
by the face. Fine-grained, dark inclu- 
sions give many of the crystals a dirty 
appearance. Striated crystals are rare. 

A patite—Both authigenic and detrital 
apatite types are present. The detrital 
grains are well-rounded, oval shaped 
grains that commonly occur in the less 
than 0.044 mm size. The grains are color- 
less, free of inclusions, and have the 
typical low birefringence of apatite. The 
authigenic grains are colorless, angular, 
have an irregular prismatic shape, and 
contain oval shaped bubble inclusions 
one to five microns in length. These 
bubbles generally take up 40 to 60 per- 
cent of the surface area of the grain. 

The two types are present in both the 
Quadrant and Phosphoria formations. 
The detrital grains are more abundant 
and the authigenic grains are larger. 

Collophane.—Authigenic collophane is 
concentrated in the coarser grain sizes. 
The grains range in size from 0.02 to 1.0 
mm. The irregularly shaped grains are 
angular and vary in color from nearly 
colorless through various shades of tan 
and rust to dark-brown. Collophane has 
been described in detail under major 
constituents. 

Garnet.—A few grains of garnet are 
found in samples Sila, $15, and K17. The 
grains are colorless, subangular, and have 
the typical, hackly fracture of garnet. 

Glauconite-—Glauconite is rare but is 
present in both the Quadrant and Phos- 
phoria formations. It is most abundant 
above the lower phosphate horizon. It 
can be divided into two main varieties: 
(1) Subspherical, grass-green grains 
which have distinct, rounded borders. 
This type averages 0.06 to 0.08 mm in 


i ‘ 


182 


diameter. The grains contain abundant 
cracks which are occasionally filled with 
microcrystalline quartz. (2) The second 
type consists of irregular patches, com- 
posed of aggregates of grains, which con- 
form to the boundaries of the surround- 
ing grains. Both types show aggregate 
polarization under. crossed nicols. The 
second type is found only above the 
lower phosphate horizon. 

Hematite and Limonite—The iron 
oxides are abundant in all samples, but 
generally do not occur as pure grains. 
They most frequently are found as coat- 
ings on quartz grains and as stains on 
grains of leucoxene. 

Leucoxene.—This is one of the most 
common minerals—making up about 15 
to 30 percent of the total heavy minerals 
by number. The grains are opaque with a 
dull white luster, rounded to sub- 
rounded, and the surface is generally 
rough (‘‘porous looking”), though 
smooth grains are common. Many grains 
have a yellowish-brown color caused by 
iron oxide stain. Authigenic, idiomorphic 
anatase outgrowths are frequently found 
on the detrital leucoxene grains. 

Muscovite—Muscovite occurs in all 
samples as oval-shaped, well-rounded 
flakes averaging 0.08 to 0.1 mm in the 
direction of the longer diameter. The 
thin flakes show a light-gray interference 
color with a rim one to five microns wide 
around all flakes, showing a white to 
yellow interference color. Some peculiar 
set of conditions was evidently in opera- 
tion during both Quadrant and Phos- 
phoria time to round such supposedly 
easily floated mica flakes—such condi- 
tions are not too common in geologic 
history. According to Krynine (1937) 
well-rounded micas indicate ‘‘a special- 
ized set of sluggishly moving currents 
with a gentle to-and-fro motion.” 

Rutile—Rutile forms an average of 
five percent of the nonopaque heavy 
minerals in both formations, ranging 
from one to nine percent. It occurs in 
three distinct colors: foxy-red, orange, 
and golden yellow. The three types gen- 
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erally occur in approximately equal 
amounts in each sample. 

Titanite——Titanite is a very rare 
constituent of the Quadrant heavy min- 
erals. It is easily identified by its high 
birefringence and characteristic diamond 
shape. The grains are 0.02 mm long and 
pale yellow 12 color. 


Tourmaline 


Tourmaline is the most abundant 
heavy mineral in the Quadrant and the 
second most abundant in the Phosphoria. 
The wide variation within the tourmaline 
family makes this an especially easy 
mineral to classify into types. The heavy 
minerals are divided into three size 
ranges: (1) 0.149 to 0.074 mm, (2) 0.074 
to 0.044 mm, and (3) less than 0.044 mm. 
The tourmalines are most abundant in 
the 0.074 to 0.044 mm size range. The 
tourmalines can be further subdivided on 
the basis of the grain shape: (1) rounded 
(no angular corners), (2) subrounded 
(one third of the corners angular) to sub- 
angular (two thirds of corners angular), 
and (3) angular (all corners angular). A 
final subdivision can be made on the 
basis of color and inclusions. 

Round Varieties—The rounded types 
make up an average of 13 percent of the 
Quadrant tourmalines and nine percent 
of the Phosphoria tourmalines in the 
0.074 to 0.044 mm size range. The 
extreme rounding in this group and the 
presence of abraded authigenic over- 
growths indicates that they were derived 
from reworked sediments. The rounded 
grains are concentrated in the two coarser 
grain sizes, being completely absent in 
the pan fraction. There is a pronounced 
increase of rounded grains in the coarser 
grain sizes. 

Angular Varieties—The angular types 
comprise an average of 15 percent of the 
Quadrant and four percent of the Phos- 
phoria tourmalines in the 0.074 to 0.044 
mm size range. Angular grains are absent 
in the coarser size and increase in abun- 
dance in the finer sizes. Most of the tour- 
malines in this group are xenomorphic, 


a 
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though some are hypidiomorphic. The 
hypidiomorphic grains are always color- 
less. 

Subangular to Subrounded Varieties.— 
This group contains the great bulk of 
tourmaline grains; 72 percent of the 
Quadrant and 87 percent of the Phos- 
phoria tourmalines in the 0.074 to 0.044 
mm size range are in this group. This 
group is slightly more abundant in the 
coarser grain sizes. 

The tourmalines can be subdivided 
into 17 varieties on the basis of color and 
inclusions. All 17 varieties of tourmaline 
are found in each of the three shape class- 
es. The fact that all 17 varieties occur 
in each grain shape group and the fact 
that there is an increase in the number of 
rounded grains in the coarser size and an 
increase in the angular grains in the finer 
grain size suggests the possibility that 
this variation in grain shape is due to 
selective rounding rather than differences 
in source area. 


Tourmaline Varieties 


The tourmalines can be divided into 11 
color types: 

1. Brown tourmaline. 

2. Chocolate-brown tourmaline. 

3. Green tourmaline 

4. Black tourmaline—nonpleochroic 
basal sections that show good in- 
terference figures. 

5. Near colorless tourmaline—pleo- 
chroic from colorless to light tints 
of yellow, tan, pink, gray, green, 
or blue. 

6. Multicolored tourmaline—grains 
largely brown with large blue, or 
occasionally colorless, spots. 

7. Blue tourmaline. 

8. Mauve tourmaline. 

9. Olive tourmaline. 

10. Gray tourmaline 

11. Chestnut-brown tourmaline. 

The tourmalines described above were 
classed into 17 easily distinguishable 
varieties based on color and inclusions. 
Detailed grain counts were made in the 
0.074 to 0.044 mm size range. 
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The number of tourmaline grains 
counted ranged from 125 to 475. There is 
no consistent, significant difference in 
the percentages of the 17 various tourma- 
line types within either the Quadrant 
or Phosphoria formations, and very little 
between formations. There is a difference 
in the relative abundance of near color- 
less tourmaline containing a few inclu- 
sions between the two formations. The 
four samples of the Quadrant contain an 
average of 14 percent of this type of 
tourmaline, and the five samples in the 
Phosphoria contain an average of 28 per- 
cent. To test the significance of these 
values, it was necessary to compare the 
spreads or variabilities of the two sets of 
figures. The Fisher F test was used to do 
this. A probability value of 0.04 was ob- 
tained, which means that only four times 
in 100 could a difference that large occur 
due to chance. 

The star diagrams in figure 11 are 
based on a plot of the six basic color 
subdivisions of the tourmalines from both 
formations. The diagrams are quite sim- 
ilar, the largest difference being the in- 
crease in colorless tourmalines in the 
Phosphoria. 


Zircon and Its Varieties 


Zircon is the most abundant non- 
opaque heavy mineral in the Phosphoria 
and the second most abundant in the 
Quadrant. Zircon is concentrated in the 
two finer size ranges; the 0.074 to 0.044 
mm size range was used for grain counts. 
The zircons can be subdivided on the 
basis of degree of rounding: (1) rounded, 
(2) subrounded, and (3) subangular. The 
grains were next divided on basis of 
morphology: (1) equant and (2) pris- 
matic. Other divisions can be made on 
the basis of color: (1) colorless and (2) 
purple-pink, or inclusions; and finally 
surface features: (1) pitted and (2) 
smooth. The number of grains counted 
ranged from 136 to 435 except for sample 
Wa from which only 30 grains were 
counted. 
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Fic. 11.—Star diagram showing the relative 
distribution of the six major color types of 
tourmalines. 


There is a greater percentage of 
rounded zircons in the Quadrant than in 
the Phosphoria, and conversely, a greater 
percentage of subrounded grains in the 
Phosphoria than in the Quadrant. A 
probability or significant value of 0.05 
was obtained for the variation in the 
number of subrounded grains between 
the two formations. The grains are about 
60 percent prismatic and 40 percent 
equant in both formations. All grains 
show some rounding. There is a tendency 
towards idiomorphism in some grains in 
the pan (less than 0.044 mm) size. 


Colorless zircons comprise 91 percent 
of the total zircons in both formations. 
Smooth grains are scarce, the majority 
showing some pitting. Inclusions occur 
in many of the grains, the inclusions are 
generally bubbles; zoned grains are not 
common. The most significant difference 
between the two formations is in the 
colorless variety with inclusions, which 
constitutes 45 percent of the zircons in 
the Phosphoria and only 30 percent of 
the Quadrant zircons. (Colorless tourma- 
lines, with inclusions, are also more 
abundant in the Phosphoria than in the 
Quadrant.) The significant value for this 
difference is only 0.20. 

The purple-pink variety of zircons 
forms nine percent of the total zircons in 
samples from both formations, ranging 
from six to 13 percent. The color varies 
from a light tint to a deep striking color. 
Fresh, unpitted grains are rare; in- 
clusions, similar to those in the colorless 
variety, occur in approximately half of 
the grains. 

Yellow zircons are present in many 
samples, but are rare. 


Zircon-Tourmaline Relations 


There is a difference in the ratio of 
tourmaline to zircons in the 0.074—0.044 
mm size range of the two formations. 


Percent 
Ratio of 
Zircons 


Number of Tourmaline 
Zircons 


Counted Zircons 


K4a —0.18 
—0.20 
K17 —0.35 
175 S6b —0.30 
230 Phosphoria S15 —0.30 


Sla —0.86 
W3a —1.1 
—6.6 
W12d—1.0 


167 Quadrant 
3 


This ratio holds true in six other 
samples examined but not counted in 
detail. The percentage of zircons in the 
less than 0.044 mm size is greater than in 
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the coarser sizes (in both formations); 
however, the difference in the relative 
amounts of zircons between formations 
is the same. There are no major differ- 
ences in the Md values of the sands from 
the two formations; however, the sands 
from the Phosphoria have approximately 
twice as much material in the silt size as 
the Quadrant sands; this may be the 
reason for the greater percentage of 
zircons in the Phosphoria, as the amount 
of zircons generally increases as the en- 
closing sand size decreases. 

One of the most common heavy miner- 
als in altered volcanic material is zircon. 
Other evidence has suggested that there 
was an abundance of volcanic material 
in the Phosphoria source area. It is 
possible that this is, in part, the reason 
for the increased zircon content in the 


Phosphoria. 
Rock Types 
General 
The Quadrant sand is a blanket-like 


sand of wide lateral extent, approxi- 
mately 70,000 square miles (including 
the closely associated Tensleep), and 
moderate thickness, averaging 200 to 
500 feet. In the area described, the 
Quadrant is a uniform detrital quartz 
sand; it is a massive sand with some 
cross-bedding and only a trace of graded 
bedding on a microscopic scale. The 
heavy minerals are, as a whole, typical 
of well-reworked sands. The Quadrant 
sand can be classified as an orthoquartzite. 

The Phosphoria formation is also a 
blanket-like body with a lateral extent of 
approximately 175,000 square miles and 
a thickness ranging largely between 100 
and 400 feet. The Phosphoria is much 
more variable in its makeup than is the 
Quadrant and it is characterized in this 
area by an abundance of chemical rocks. 

Several individual beds, a few feet 
thick, of sand size detrital quartz rocks 
occur in the Phosphoria at Kelly Gulch. 
These rocks are similar to the ortho- 
quartzites of the Quadrant except for the 
increased amounts of cements or matrices 


(microcrystalline quartz, dolomite, and 
illite). These quartzites as a whole are 
slightly finer grained and less well-sorted 
than the Quadrant quartzites. These or- 
thoquartzites can be classed as: 

1. Dolomitic orthoquartzite 

2. Silicious orthoquartzite 

3. Illitic orthoquartzite 

Siltstones are the most abundant rock 
type in the lower Phosphoria. At Wad- 
ham’s Spring there are only a few beds 
although at the other two trenches silt- 
stones are dominant. The siltstones 
belong to the same types as the ortho- 
quartzites; however, whereas illite occurs 
as a matrix in the siltstones at Kelly 
Gulch, kaolinite is the principal clay 
matrix at Sheep Creek and Wadham’s 
Spring. Dolomitic siltstone is most abun- 
dant at Kelly Gulch. 

The siltstones generally show good 
bedding ranging from 0.5 to six inches 
wide. Thin, one mm laminae are fre- 
quently present, outlined by various 
colored iron stains. The siltstones com- 
monly contain considerable limonite 
stains and a few iron nodules (five to 10 
mm in diameter). 

Carbonate rocks are the second most 
abundant rocks in the Phosphoria and, 
of these, dolomites and doiomitic lime- 
stones comprise the bulk with pure lime- 
stones occurring only as thin, hard, 
irregular, undolomitized beds within the 
dolomitized rocks. Carbonate rocks are 
the predominating rock type at Wad- 
ham’s Spring; they also occur in abun- 
dance at Sheep Creek, but at Kelly Gulch 
carbonate minerals are present only as a 
cement. The carbonate rocks commonly 
have a one to four inch bedding. 

Chert, occurring both as nodules and 
beds, has been described in detail. Nod- 
ules are found in all of the carbonate 
rocks; bedded chert is most abundant in 
the Sheep Creek trench. 

Oolitic phosphate rock, in thin beds 
one to two inches thick, occurs 35 to 
125 feet above the Quadrant-Phosphoria 
contact. The phosphate rock is inti- 
mately associated with bedded chert. 
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Quadrant Quartzite 


Fine-Crained Orthoquartzsites—Nearly 
all of the Quadrant samples have an Md 
value that falls in the fine sand range and 
generally 50 percent or more of the grains 
are concentrated in this narrow range 
with most of the remaining grains falling 
in the finer sizes. The sand is extremely 
well-sorted and moderately rounded, 
appearing as a typical orthoquartzite in 
thin sections. 

The average orthoquartzite contains 
93 percent detrital quartz, four percent 
detrital chert, two percent quartz over- 
growth, and one percent clay—there is 
very little variation from this average 
composition. The clay is largely kaolinite 
with a few shreds of illite. The quartz 
overgrowths occur on the majority of 
the grains but are only moderately well- 
developed. The sand grains are held 
together commonly by the quartz over- 
growths, but frequently tight packing 
alone holds the grains together. The 
Quadrant orthoquartzite is only a mod- 
erately hard rock, except at Kelly Gulch 
where minor metamorphism has welded 
the grains together to such an extent that 
the rock approaches in texture a meta- 
quartzite. 


Phosphoria Formation 


Fine- to Very-Fine Grained Orthoquart- 
zites—The Md values of the few Phos- 
phoria quartzite samples generally fall 
near the dividing size of fine and very 
fine sand (0.125 mm) with about 70 per- 
cent of the grains being equally divided 
between the two sizes. The majority of 
the remaining grains falls into the smaller 
size groups. The sands are well-sorted 
but not as well-sorted as the Quadrant. 
The majority of the grains fall into the 
subround to rounded range. In the ortho- 
quartzites detrital quartz grains average 
78 percent and detrital chert four per- 
cent; the grains are held together by a 
variety of cementing minerals. 

1. Dolomitic orthoquartzite.—The 
dolomite cement is present in amounts 
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ranging from 15 to 20 percent. Some of 
the dolomite grains grow together in a 
true cement fashion, but many of them 
occur as isolated grains and stringers, 
seeming more like a matrix than a ce- 
ment. Some of the dolomite may be 
clastic. About 0.5 percent illite, occur- 
ring as individual shreds and aggregates 
and a few kaolinite books are commonly 
present. A few flakes of altered biotite 
and a few detrital, rounded, fine-grained 
calcite grains are materials peculiar to 
this type of rock. 

2. Siliceous orthoquartzite——The sili- 
ceous cement is composed of microcrys- 
talline quartz (chert) which comprises 
from 15 to 35 percent of the rock. The 
chert acts as a true cement, completely 
surrounding the detrital grains. Generally 
one to two percent of irregular aggregates 
of kaolinite are present. One sample 
contains 10 percent hematite and limonite 
associated with the chert cement. 

3. Illitic orthoquartzite—This name 
is applied to detrital quartz rich rocks 
that contain a considerable amount of 
authigenic illite. At Kelly Gulch illite 
makes up 10 to 15 percent of the quart- 
zite rock. The illite occurs as individual 
shreds and narrow bands between grains, 
and as books and irregular patches up to 
0.080 mm wide. The illite sometimes re- 
places portions of quartz grains and the 
associated dolomite cement. 

4. Orthoquartzite——One orthoquartz- 
ite at Kelly Gulch contains no matrix 
and is similar to the Quadrant ortho- 
quartzite. There is a trace of quartz 
overgrowths, but most of the bonding is 
due to minor welding of the slightly cren- 
ulated borders. 

Coarse Siltstone—The Md value of the 
siltstones range from 0.15 to 0.06 mm, 
averaging 0.04 mm. Frequently one or 
two percent of sand size grains with a 
maximum size of 0.24 mm are present. 
The siltstones are only moderately well 
sorted and the majority of the grains are 
either subangular or subrounded. The 
siltstones differ very little from the quart- 
zites described above. The detrital 
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quartz in the siltstones averages 80 per- 
cent; detrital chert is present only in 
traces. 

The amount of dolomite present in the 
dolomitic siltstones averages 23 percent 
with little variation between samples. 
One to five percent of illite or kaolinite 
occurs with the dolomite. One sample, 
K14, has only illite as a matrix—20 per- 
cent. At Sheep Creek kaolinite acts as a 
matrix; it is present in amounts ranging 
from three to 30 percent, averaging 15 
percent. The kaolinite contains a few 
shreds of illite and occurs in the same 
manner—kaolinite books are conspicu- 
ous. 

Limonite stains and muscovite shreds 
are generally found in the siltstones. 

Carbonate Rocks.—1. Limestones. 
Hard, dense, medium-brown beds of 
limestone generally less than a foot wide 
occur regularly in the dolomitized rocks 
and show an irregular rough contact with 
these. The moderately sorted calcite 
grains average 0.4 mm in diameter. The 
limestones contain approximately 10 per- 
cent insoluble matter which is gen- 
erally detrital quartz, silt size with some 
kaolinite and considerable authigenic 
chert. Pure limestones are found only at 
Wadham’s Spring. 

2. Dolomitic limestone. These rocks 
are abundant at Wadham’s Spring. They 
are medium-hard, tan beds a few feet 
thick. The dolomite is present as hypidio- 
morphic dolomite grains averaging 15 to 
30 microns in diameter, in a matrix of 
coarse-grained, xenomorphic calcite, 
averaging 0.4 mm. The dolomitic con- 
tent ranges from 10 to 60 percent, gen- 
erally being near 50 percent. The in- 
soluble residue again averages 10 per- 
cent, ranging from two to 20 percent. 
The residue is the same as in the pure 
limestones except for sample W419b 
where montmorillonite is present. Dolo- 
mite breccias are common in this rock 
type. 

3. Dolomite. 


Dolomite is abundant 


both at Wadham’s Spring and Sheep 
Creek. The dolomite varies from soft- to 
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medium-hard and has a dull-white to 
light-tan color. It is well-sorted, with a 
grain average between 10 and 20 microns. 
The insoluble residue is similar to that in 
the limestone and averages eight percent 
for all samples except two which contain 
30 to 35 percent. 

Chert.—The chert rocks generally con- 
tain abundant replaced fossils, a few 
grains of detrital quartz, one or two per- 
cent carbonate grains, limonite stains, 
and occasionally shreds of illite. The 
cherts near the phosphate rock com- 
monly contain grains of collophane and 
glauconite. 

Phosphate Rock.—Phosphate rocks 
vary from white to green to black in 
color. Their collophane content is quite 
variable, changing from five to 90 percent 
within a few millimeters. Collophane 
generally occurs as oolites, bone frag- 
ments, and cement. Detrital quartz and 
chert grains within the phosphate rocks 
are of medium sand size. Authigenic 
chert is intimately associated with the 
collophane; usually the two interfinger. 


Stratigraphic Sections 


Figure 2 shows the three stratigraphic 
sections of the area. The sections, based 
on field notes and considerable labora- 
tory work, are believed to be fairly 
accurate. Boundaries between forma- 
tions were determined by members ot the 
U. S. Geological Survey. 

At Wadham’s Spring the boundary 
between the Quadrant and Phosphoria 
formations is placed at the first appear- 
ance of chert nodules and irregular chert 
fragments, although the host rock still is 
identical with the Quadrant quartzite. 

At Sheep Creek the contact is placed at 
a definite change in lithology from Quad- 
rant quartzite to dolomite and bedded 
chert. 

At Kelly Gulch the Quadrant quart- 
zite was separated from the Phosphoria 
on the basis of a lack of resistance to 
weathering of the Phosphoria. This is a 
valid distinction as the quartzite above 
the boundary contains an abundance of 
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TABLE 4.—Percentage of rock types comprising formations and areas 


Quadrant Phosphoria Wadham’s Sheep Kelly 
Average Average Spring Creek Gulch 
Quartzite 100% 11% 10% 0 22% 
Siltstone 0% 52% 05% 80% 75% 
Carbonate 0% 35% 90% 14% 0% 
Bedded Chert 0% 2% 0% 5% 2% 
Phosphate Rock 0% 1% 
Sand/silt Ratio 100:1 


illite, five to 20 percent, and dolomite, 20 
percent, which is missing from the quart- 
zite below the boundary. The quartzites, 
aside from this illite and dolomite, are 
identical. 

If the oolitic phosphate beds in all 
three trenches were deposited at the 
same time, the surface of the Quadrant 
orthoquartzite would be approximately 
75 feet higher at the Sheep Creek area 
(Middle section) than at either of the 
other two areas. This high area would 
form an effective barrier separating two 
shallow basins. Such an arrangement 
would help to account for the lithologic 
differences in the Kelly Gulch and Wad- 
ham’s Spring areas. 


PETROLOGY AND ORIGIN OF THE 
QUADRANT AND PHOSPHORIA 
FORMATIONS 
General 

In comparing and reconstructing the 
origin of two sedimentary formations, it 
is necessary to examine, primarily, varia- 
tions in the source areas and in the 
methods of deposition. In order to do 
this, it is necessary to infer from the 
properties of the sediments the physical 
and/or chemical processes that are re- 
sponsible for the sedimentary parameters 
and to evaluate whether this is a reflec- 
tion of conditions in the source area or in 
the method of deposition—or a combina- 
tion of the two. 

The broadest characteristic of a sedi- 
mentary formation is its shape. In this 
case, both formations are blanket-like 
which implies that there was no extreme 


tectonic change during the deposition of 
the two formations. However, in another 
major characteristic, lithology, there is a 
definite difference. 

The ratio of detrital to authigenic 
material is 98:2 in the Quadrant, and 
48:52 in the Phosphoria (only the mater- 
ial below the phosphate beds is used in 
the Phosphoria computations). The per- 
centage of the rock types comprising the 
formations and individual areas are shown 
in table 4. 

There is a decided increase in chemical 
rocks and an even greater increase in 
total chemical material in the Phos- 
phoria as compared to the Quadrant. 
However, within the Phosphoria there is 
an even greater difference. Ninety-seven 
percent of the Kelly Gulch rocks are 
quartzites and siltstones whereas 90 per- 
cent of the Wadham’s Spring rocks are 
carbonates. The Sheep Creek rocks type 
distribution is intermediate between 
these two. The abundant sand and silt 
detritus at Kelly Gulch likely represents 
a near-shore environment, and the car- 
bonate rich Wadham’s Spring area repre- 
sents a more seaward area of deposition. 
The lithologic differences in these two 
areas was perhaps enhanced by the Sheep 
Creek ridge which would have prevented 
most of the detrital material from reach- 
ing the Wadham’s Spring area. 

In the quartzite rocks of both forma- 
tions, the types of detrital quartz show 
little variation; there is slightly more end 
phase and metamorphic quartz in the 
Quadrant. Plutonic quartz was separated 
into three varieties on the basis of types 
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of bubble inclusions; these varieties occur 
in approximately the same ratio in both 
formations. Microlites were of the same 
type and the same relative abundance in 
both formations. Volcanic quartz occurs 
only in the Phosphoria. 

Detrital chert was divided into three 
types on the basis of the size of the micro- 
crystalline quartz. The relative amounts 
of each type were the same in both forma- 
tions. 

The heavy minerals are usually a 
sensitive indication of changes in the 
source area. In the heavy minerals from 
the two formations, the ratio of colorless 
to purple zircons are the same in both 
formations. Within the colorless class 
there is an increase in the percentage of 
colorless zircons with inclusions in the 
Phosphoria. In the 17 types of tourma- 
lines, one type, colorless with inclusions, 
is more abundant in the Phosphoria. The 
zircons are less well-rounded and more 
abundant in the Phosphoria. The propor- 
tion of prismatic to equant zircons is the 
same in both formations. 

Five other detrital heavy minerals, 
occurring in trace amounts, are present in 
both formations. A few grains of biotite 
and microcline are present in the Phos- 
phoria and not in the Quadrant. 

It seems likely from this that the 
source area for the detritus of the Phos- 
phoria was much the same as that for the 
Quadrant. However, it is likely that the 
Phosphoria source area contained some 
Quadrant material. The abundant silty 
detritus in the Phosphoria is interfin- 
gered with sand size detritus similar to 
the Quadrant sand. This suggests a 
general lowering of relief in conjunction 
with a fluctuating shoreline. 

Nothing was found in the Quadrant 
that indicated the direction of the source 
area. However, in the Phosphoria the 
increase in the amount of quartzites 
from south to north and the increase in 
chemical rocks and chemical material 
from north to south suggests that the 
source area lay somewhere to the north. 
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The conditions of deposition are best 
inferred from the degree of rounding and 
sorting of the sand. The Quadrant quart- 
zites are slightly better rounded than the 
Phosphoria quartzites. The quartzites in 
both formations fall in the well-sorted 
beach sand class, although the Quadrant 
sand is better sorted than the Phosphoria. 

The abundant thin-bedded, non-cross- 
bedded, siltstonesin the Phosphoria indi- 
cate that there was little reworking of 
detritus on the sea floor. However, the 
presence of reworked carbonate (Wad- 
ham’s Spring) formed within the basin 
of deposition shows that there was a mild 
reworking of some of the Phosphoria 
material. 

The few fusulinids occurring in the 
Phosphoria suggest that the water was 
relatively shallow (on the order of 180 
feet as interpreted by Elias (1937)) in the 
basin of deposition. 

The chemical rocks formed within the 
basin of deposition directly reflect the 
conditions within the basin and indirectly 
reflect the conditions of the surrounding 
source area. The abundance of these 
chemical rocks in the Phosphoria indi- 
cates Jow relief and relative quiescence. 

Evidence indicates that calcite was 
first deposited, microcrystalline quartz 
began to replace the calcite, but before 
this proceeded far, dolomite replaced 
much of the remaining calcite and was in 
turn replaced, in part, by the micro- 
crystalline quartz. Collophane later re- 
placed some of the microcrystalline 
quartz. Some of the completely dolo- 
mitized material was reworked on the sea 
floor and incorporated in later, only 
partially dolomitized, limestone. 

The origin of the clay minerals is 
difficult to deduce. They are present in 
95 percent of the rocks in the Phosphoria 
and commonly in amounts as high as 30 
percent. Many of the clay minerals occur 
as large books, worms, and _ oriented 
“nests’’; They are also found replacing 
carbonate minerals and quartz grains. 
This mode of occurrence and the lack of 
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any shale rocks in this portion of the 
Phosphoria strongly suggest that much 
of the clay is authigenic. 

Kaolinite is greatly predominant over 
illite in both the Wadham’s Spring and 
Sheep Creek areas. However, it is much 
more abundant at the Sheep Creek 
area. Illite predominates over kaolinite 
at the Kelly Gulch area. 

In a typical quartzite-limestone se- 
quence, clay minerals are usually rela- 
tively scarce, particularly when there is 
no evidence of metamorphic or felds- 
pathic rocks in the source area. There is 
a source material for clay minerals that 
is usually not reflected in the coarser 
sedimentary detritus—volcanic lavas and 
tuffs. Volcanic ash could be deposited 
directly into the sea and be altered to 
form clay minerals, but more likely most 
of the ash and lavas would be deposited 
in the surrounding peneplained source 
area. Ina highly peneplained region where 
chemical weathering is intense, the vol- 
canic material would be taken into solu- 
tion and the alkalis, alkaline earths, 
silica, alumina, and iron carried to the 
sea where they would recombine to form 
clay minerals. The type of clay mineral 
formed would vary locally with the varia- 
tion in environment in the basin of 
deposition. 

Kaolinite is found in an acid environ- 
ment and is most commonly found in 
continental sediments; it is not believed 
to form under marine conditions. IlIlite 
is formed in a basic environment and is a 
common marine clay. However, if suffi- 
ciently acid waters could occur in a 
marine environment, there is no reason 
why kaolinite could not form. Such a 
condition may occur on the top of topo- 
graphic highs on the sea floor. Holzman 
(1952), in his study of the Cortes and 
Tanner Banks off the Coast of Southern 
California, found that the water on top 
of these banks was sufficiently acidic, 
pH 6.6 to 6.9, to dissolve tests of foram- 
inifera. Emery and Rittenberg (1952) in 
their study of a dozen basins off the 


Southern California coast reported the 
pH values ranging from 7.3 to 8.5 in the 
basins. It seems possible that a shallow 
water acid environment on top of the 
Sheep Creek ridge could cause the forma- 
tion of kaolinite, whereas in the relatively 
normal, basic environment in the Kelly 
Gulch basin illite would form. 

Though there is little direct evidence 
to indicate abundant volcanic material 
in the source area, its presence can be 
used to explain nearly all the anomalies 
in the Phosphoria formation. Mans- 
field (1927, 1940) told of abundant Per- 
mian, rhyolitic to andesitic, volcanic 
material in eastern Oregon and west and 
central Idaho, and suggested that this 
was the source of the fluorine in the 
phosphate minerals and the silla in the 
Rex chert. Mansfield considered that 
most of the fluorine came from volcanic 
gases and that the silica came from 
weathering of volcanic tuffs and lavas. 

The detrital and carbonate material 
in the Phosphoria formation is typical of 
a normal second-cycle quartzite-lime- 
stone series, in which the source material 
is older quartzites and limestones. The 
material anomalous to such a tectonic 
and environmental background is authi- 
genic clay minerals, abundant chert, 
concentrations of phosphate, vanadium, 
and nearly all the trace elements. 

Clarke’s (1924) analyses of rhyolites 
and andesites, particularly the andesites, 
show a higher concentration of nearly all 
trace elements than is found in the aver- 
age sediment. Intense weathering of 
volcanic tuffs and lavas would provide 
abundant phosphorous, vanadium, and 
trace elements to form the concentra- 
tions in the Phosphoria. Silica, alumi- 
num, magnesium, iron, and potassium 
would be carried to the sea and form the 
large amount of clay material present. 
The excess silica would be deposited as 
chert. If a large portion of the source 
area was composed of volcanic material 
this would explain the sparsity of de- 
trital material in the Phosphoria. 
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Reconstructed Picture of Sedimentation 
on the Northeast Flank of the Phos- 
phoria Sea 

The rounded quartz grains, the abun- 
dance of detrital chert, and the predom- 
inance of the rounded, stable minerals, 
zircon, rutile, and tourmaline, and good 
sorting of the sand with little evidence 
for much reworking within the basin of 
deposition indicates the source area, to 
the north, was at least, in part, similar 
for both the Upper Quadrant and the 
Lower Phosphoria formations and was 
composed largely of sediments—quart- 
zites and limestones from early Paleozoic 
and/or pre-Cambrian Belt rocks. 

A small percentage of metamorphic 
quartz and end phase quartz plus the 
presence of garnet, apatite, and certain 
types of angular tourmaline indicates 
that there were a few metamorphic 
rocks, both high- and low-rank, and pos- 
sibly some pegmatitic rocks in the im- 
mediate source area. 

There was probably some slight emer- 
gence and erosion of the Quadrant forma- 
tion followed by Permian volcanic activ- 
ity to the west and northwest which 
covered many of the sediments in the 
source area with volcanic tuffs and lavas 
(Eardley, 1951). 

The rocks, described excepting the 
authigenic clays and phosphates, com- 
prise a typical quartzite-limestone series 
which is characteristic of a stable, fairly 
well peneplained platform region, con- 
taining shallow basins of deposition. 
There is no sharp break between the sedi- 
ments of the two formations. The detri- 
tals are nearly identical, but there is an 
increase in the amount of chemical rocks 
deposited in the Phosphoria, and a gen- 
eral lowering of the surrounding land 
area as silt became the major detrital 
size instead of sand. 

The fine sand of the Quadrant was 
presumable transported by rivers having 
a very low gradient. There was little 
reworking by wave action; however, the 
sorting and degree of rounding indicates, 
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assuming similar source areas for the 
detrital material of both formations, that 
there was more reworking of the Quad- 
rant than of the Phosphoria sand. The 
mutual contact of quartz overgrowths 
show that packing had not proceeded 
very far when the silica was precipitated. 

As the landmass to the north was 
gradually lowered either by erosion or 
minor subsidence or both, silt size de- 
tritus began to predominate over the 
fine sand size detritus. Meanwhile, vol- 
canic material to the west and northwest 
was being intensely weathered and a wide 
variety of elements carried on into the 
sea. 

At Kelly Gulch, which was close to the 
northern source area, silt was deposited 
in abundance while carbonate and illite 
minerals, forming continuously within 
the basin, were deposited in amounts of 
20 to 25 percent and acted as matrix or 
cement. 

Farther to the south at Sheep Creek 
and Wadham’s Spring and farther from 
the land, chemical activity became pre- 
dominant and carbonate minerals in- 
creased in abundance. Calcite was de- 
posited first and while still in the form of 
an ooze was replaced by dolomite and 
microcrystalline quartz. Soon after this, 
when the chert and dolomite were still in 
contact with the sea water, some rework- 
ing occurred. The presence of shallow 
marine fossils in the two southern sec- 
tions indicates a shallow, oxygenated 
sea. 

As deposition continued, there were 
minor periodic transgressions and re- 
gressions of the sea and thin beds of sand 
size detritus were deposited within the 
silts at Kelly Gulch. At Sheep Creek silt 
size detritus soon became predominant, 
and chemical activity diminished with 
only authigenic kaolinite being deposited. 
Meanwhile, at Wadham’s Spring chemi- 
cal deposition continued indisturbed. 

As deposition continued, glauconite 
became more abundant; collophane bone 
fragments appeared; phosphate was re- 
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moved from the sea and deposited as 
collophane. The collophane was deposited 
as cement and oolites, and sometimes re- 
placed chert. 

In summary it can be seen that the 
detritus of the two sedimentary forma- 
tions was primarily derived by the re- 
working of older sediments. The detrital 
and carbonate minerals of the two forma- 
tions comprise a  quartzite-limestone 
series and are typical of a period of near 
peneplaination in the source area and he- 
longs in the shallow water marine facies 
of sedimentation. It is indicative of 
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source area and in the locus of deposition 
(Krynine 1948). The rocks in the Phos- 
phoria are modified by the deposition of an 
abundance of authigenic minerals and a 
general decrease in detrital material. 
This modification was likely caused by an 
abundance of volcanic material in the 
source area. 
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CLAY MINERALS OF THE NEUSE RIVER ESTUARY 
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University of North Carolina, Chapel Hill, North Carolina 


ABSTRACT 

The clay fractions of 24 Neuse River Estuary bottom samples were analyzed by X-ray 
diffraction techniques to determine the clay mineral content and to note any diagenetic changes 
in the clays as they were introduced into a brackish-water environment. Kaolinite and “‘chlorite”’ 
were present in all 24 samples and illite in 18. Kaolinite was by far the dominant clay mineral 
being introduced into the estuary, but it decreased considerably relative to “chlorite” and illite 
as increasingly saltier water was encountered downstream. ‘‘Chlorite’’ increased downstream 
becoming the dominant mineral at the lower end of the estuary. IIlite, though very subordinate 
to both kaolinite and ‘“‘chlorite”’ throughout the estuary, showed a definite increase in the last 
few downstream samples and appeared to be increasing more rapidly than ‘‘chlorite.” 

The ‘‘chlorite’’ was thermally unstable and collapsed to a 10 A structure when heated at 
400° C for one hour; however, it was like normal chlorite in retaining the 14 A basal spacing 
when treated with ammonium salts or glycerol. 


INTRODUCTION limestones; and Cenozoic gravels, sands, 

This paper is a report on the clay lays, and limestones (fig. 1). 
mineral content and the diagenetic Two miles above New Bern, the Neuse 
changes in the clays of the Neuse River broadens into an estuary (fig. 2). The 
Estuary of North Carolina as deter- estuary is about 40 miles in length and 
mined by X-ray diffractionanalyses. This adually increases in width from about 


estuary is in the brackish water transi- one mile at New Bern to about six miles 
tion zone between the fresh waters of the at its entrance into Pamlico Sound. In 
Neuse River and the marine waters of the main channel the water increases in 
the Atlantic Ocean. Here in the estuary depth from about 10 feet at the head of 
are to be found the first adjustments of _ the estuary to about 25 feet at the en- 
the fresh water clays to marine condi- trance into Pamlico Sound. 
tions. This estuary was chosen for study Tides are practically nonexistent in the 
because of the completeness with which Neuse River Estuary, but easterly winds 
its fresh water clays are known (Brown sometimes cause water level increases of 
and Ingram, 1954). as much as four feet at New Bern 
(U.S.C. & G.S., 1939). The absence of 
tides prevents the contamination of the 
The Neuse River is one of the many river derived estuarine sediments by 
moderate sized rivers draining the south marine sediments and increases the 
Atlantic slope of the United States. The probability that all the differences be- 
Neuse is about 180 miles long extending tween the river clays and the estuarine 
from near Durham, North Carolina, clays are caused by diagenesis. 
southeast to the Pamlico Sound. In the Not enough work has been done to 
drainage basin is a great variety of rock establish a good picture of the salinity 
types that includes Pre-Cambrian(?) and circulation patterns of the estuary, 
gneisses and schists; Ordovician (?) vol- but the limited data available (table 1) 
canics and metasediments; Carboniferous show tiat there is some degree of salinity 
(2) granites; Triassic conglomerates, stratification. In general, the bottom 
sandstones, mudrocks, and diabases; waters are more saline than the surface 
Cretaceous sandstones, mudrocks, and waters, but occasionally this stratifica- 
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Fic. 1.—Geologic map of the Neuse River drainage basin. Modified from maps by Berry 
(1947) and Mundorff (Riley, 1950). 
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Fic. 2.—Sampling sites in the Neuse River Estuary. 
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TABLE 1.—Salinity in the Neuse River Estuary 


| Miles below 
Street’s Ferry 
R1) 


Sample Location 


Date 
(mo/yr) | 


Salinity °/,, 
(surf./bottom) 


Source of 


| 
| 
Information 
| 


Above New Bern 
(RS) 


4/29 


0.14" Riley, 1950, p. 91 


New Bern (1B) 


2/47 


0.46* Lamar and Joyner, 


1949, p. 32 


Otter Creek 
Buoy (3B) 


Griffin 


Garbacon Shoal 
Buoy (7.5B) 


92/16. 


.50/20. 
.68/20. 
41/15. 
.93/ 7. 
.00/ 8. 
.36/12. 
91/42. 
.20/14. 


Roelofs, 1953 


Point of Marsh 
Light (9B) 


* Total dissolved solids. 


tion is destroyed by vertical mixing. 
The less dense, fresh waters flow sea- 
ward on the surface becoming more 
saline downstream because of mixing 
with the bottom waters. The denser, 
saline waters move upstream along the 
bottom becoming less dense by mixing 
with the surface waters. At the mouth 
of the estuary where the Neuse enters 
Pamlico Sound, there is little if any 
persistent salinity stratification. Salinity 
in the estuary varies inversely with the 
rainfall in the Neuse drainage basin with 
great differences in salinity being found 
in salinity determinations taken a month 
apart. In general, the maximum salinity 
is about one-third to one-half that of 


.19/16.0. Roelofs, 1953 
.45/20.45 
.30/11. 
45/12. 
74/11. 

| 10.84/15. 

16.02/16.00 


normal sea water. 

Limited pH determinations (table 2) 
show that the waters of the estuary have 
about the same degree of alkalinity (pH 
8) as normal sea water although the 
inflowing fresh water of the Neuse River 
is slightly acid (pH 6). 


METHODS OF INVESTIGATION 


During the months of May and June, 
1953, 24 bottom samples were collected 
with a clamshell-type sampler. For con- 
venience in locating sampling sites, 
the estuary was divided into nine sec- 
tions, the boundaries of the sections being 
easily recognizable channel markers. 
Within each section, samples from near 
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TABLE 2.—pH in the Neuse River Estuary 
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Miles below 


: ’ Date pH Source of 
Sample Location (mo/yr)| (surf./bottom) Information 
New Bern (1B) 8 2/47 6.5 Lamar and Joyner, 


Garbacon Shoal 35 8/48 8.02/7.78 Roelofs, 1953 
Buoy (7.5B) 
9/48 8.12/7.84 
9/48 7.95/7.98 


Point of Marsh 
Light (9B) 


8/48 
9/49 


8.08/8.10 
8.10/8.15 


Roelofs, 1953 


the southern shore were designated with 
an ‘‘A”’; samples from the main channel 
were designated with a ‘‘B”’; and samples 
from near the northern shore were des- 
ignated with a ‘‘C’’. Decimals were used 
to show the approximate position length- 
wise within each section. For example, 
7.5 B indicates a sample from the channel 
near the center of section 7. Fresh water 
river samples were designated with an 
“R”’ and numbered consecutively down- 
stream from Street’s Ferry, 10 miles 
above New Bern. Sampling sites are 
shown on figure 2. 

Each sample was dispersed in 0.01 N 
sodium hexametaphosphate (Calgon), 
and the clay fraction separated by 
centrifuging and flocculation with a 
saturated calcium chloride solution. All 
samples were oven-dried at 35° C. 

X-ray diffraction patterns were made 
with a Hayes X-ray diffraction unit 
equipped with 114.6 mm diameter pow- 
der cameras. Samples packed in thin- 
walled cellulose acetate tubes 0.5 in mm 
diameter were exposed to copper radia- 
tions. The K, radiations were filtered out 
with nickel foil placed just in front of the 
photographic film. 

X-ray diffraction patterns were made 
of each clay fraction. When necessary 
to complete the identification and char- 
acterization of clay mineral components, 
additional patterns were made after the 
samples had been subjected to glycerol 


solvation, cleaned with HCl and 
HN,OH, or heated at various tempera- 
tures. 


RESULTS 


The lithology and color of each sample 
are shown in table 3. Samples from the 
channel are mainly dark muds (silty 
clays), and the samples between the 
channel and the shore are mainly very 
fine to medium sands. 

Kaolinite and ‘“‘chlorite’’ were identi- 
fied in all 24 samples, and illite was iden- 
tified in 18 samples (fig. 3). Considerable 
amorphousor poorly crystallized material 
was present in six of the samples. In 
general, kaolinite is the most abundant 
clay mineral; but in the lower part of the 
estuary, ‘‘chlorite’’ and illite are about 
as abundant as kaolinite. 

The “‘chlorite’”’ present in these sam- 
ples is perhaps best described as a 
“diagenetic chlorite’ as its properties are 
not those of ordinary chlorite. Like 
ordinary chlorite, this ‘diagenetic chlor- 
ite” has a 14 A basal spacing that does 
not expand upon glycerol solvation and 
does not contract upon boiling in a weak 
ammonium-salt solution. Unlike ordi- 
nary chlorite, this “‘diagenetic chlorite” is 
not thermally stable at temperatures up 
to 700° C. When samples were heated in 
successive 100° C steps, the 14 A line 
faded considerably between 200 and 
300° C and was completely gone at 
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TABLE 3.—Lithology and color of samples 


Lithology 


Color* 


R4 Very coarse to medium sand 

R5 Clayey coarse sand; mica flakes 

1B Silty clay; much woody material 

1 258 Silty clay; much woody material 

1.50 \ Clay; many small, thin pelecypod shells 
2B Fine sand; a few shell fragments 

2.5A Silty clay; abundant shell fragments 

ye Oe Very fine to coarse sand; shell fragments 
3A Fine to medium sand 

3B Silty clay; shell fragments 

3.5A Silty san 

Silty sand 

4.5B Silty clay; abundant shell fragments 
bo Silty sand; some shell fragments 

6B Silty clay; a few shell fragments 

7B Silty clay; a few shell fragments 

7.5A Very fine to med. sand; shell fragments 
7.5B Silty clay; some shell fragments 

Ee Very fine sand; some shell fragments 
8A Silty sand; many shell fragments 

8.1A Fine to coarse sand; shell fragments 
8.5B Silty clay 

9B | Silty clay; a few shell fragments 


Silty clay; much woody material 


| Mod. yellowish brown 

Mod. yellowish brown 

Mod. yellowish brown 

Lt. olive gray 
Dk. yellowish brown 
Dk. yellowish brown 
Mod. yellowish brown 
Dk. yellowish brown 
Mod. yellowish brown 
Grayish orange 
Mod. yellowish brown 
Mod. yellowish brown 
Dk. yellowish brown 
Olive gray 

Dk. yellowish brown 

Lt. olive gray 

Dk. yellowish brown 

Mod. yellowish brown 

Lt. olive gray 

Olive gray 

Olive gray 

Yellowish gray 

Lt. olive gray 

Lt. olive gray 


* Color of dry samples based on National Research Council Color Chart. 


400° C, and 14 A structure having 
collapsed to a 10 A structure. 

Six samples contained amorphous or 
very poorly crystallized material in such 
large amounts that the crystalline clay 
minerals were masked by it. This mate- 
rial was removed by boiling each sample 
for 10 minutes in 1 N HCl and then in 1 
N NH,OH, each sample being washed 
thoroughly after each treatment. To 
determine the approximate amount of 
amorphous material present, an artificial 
diluent, composed of a 3:1 mixture of 
rapidly dried silica and alumina gels, was 
added in measured amounts to each 
cleaned sample until an X-ray pattern 
was obtained which matched the original 
cloudy pattern. The content of material 
amorphous to X-rays was surprisingly 
high, ranging from 50 to 75 percent by 
weight (table 4). 


DIAGENETIC TRENDS 


The fresh water portion of the Neuse 
River contains kaolinite, illite, mont- 


morillonite, ‘‘chlorite,’’ and mixed-lay- 
ered aggregates (Brown and Ingram, 
1954). Kaolinite is the dominant clay 
mineral. [llite occurs sporadically 
throughout the length of the stream. 
Montmorillonite occurs in small amounts 
in the upper part of the stream. Mixed- 
layered aggregates, possibly of illite and 
chlorite, occur throughout the length of 
the stream but increase in abundance 
downstream. A chloritic material similar 
to the ‘‘chlorite’’ in the estuary is pre- 
sent in the lower part of the stream. It 


TABLE 4.—A pproximate amounts of 
amorphous material in samples 
giving “‘cloudy”’ patterns 


Sample No. 


Amorphous Content 
R4 | 75% 
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3.54 


Fic. 3.—Intensities of basal 14 A, 10 A, and 7 A lines from chlorite, illite, and kaolinite 
in Neuse River Estuary samples. 


seems very probable that this ‘‘chlorite’’ 
was formed in an estuarine environment, 
either in the present estuary and washed 


upstream during times of high winds or 
in a past enlarged portion of the estuary. 

In the downstream direction in the 
estuary, ‘‘chlorite’’ increases relative to 
kaolinite, and illite increases relative to 


both kaolinite and ‘“‘chlorite.’’ These 
trends are shown in figure 4 in which the 
ratios of the visually estimated inten- 
sities of the (00/) lines are plotted against 
the position in the estuary. In order to 
obtain smoother curves, running aver- 
ages of five stations were used in the plot, 
with the average intensities being plotted 
at the average location of each group of 
stations. Three curves are plotted: 
“chlorite’’/kaolinite, 
and illite/kaolinite. The greatest amount 
of change in the curves of figure 4 lies 
between stations five and seven, just 
below the big bend in the estuary (see 
map, fig. 2). Apparently the bend has a 
constricting influence upon the inflow of 
sea water and diagenetic changes are 
retarded upstream from the bend. 


It is realized that the use of inten- 
sities of (00/) lines as measures of absolute 
clay mineral abundances is open to many 
uncertainties; but as all the samples 
were handled in the same manner and as 
only ratios of intensities of (002) lines in 
the same pattern were used, the results 
shown in figure 4 are considered to be 
significant. 

Thus, kaolinite, the dominate clay 
mineral being introduced into the es- 
tuary, is being replaced gradually down- 
stream by “chlorite’’ and illite. Other 
studies have shown analagous results. 
Grim, Dietz, and Bradley (1949) found 
illite to be the chief clay mineral forming 
in the Pacific Ocean off the California 
coast. Powers (1953) found ‘‘diagenetic 
chlorite’ to be one of the major com- 
ponents of the clays of Chesapeake Bay. 

The formation of “chlorite” and illite 
in the estuary can be explained in several 
different ways: (1) The two-layered 
kaolinite being introduced into the es- 
tuary could be changed into three- 
layered ‘“‘chlorite’’ or illite by (a) the 
addition of a silica sheet to the kaolinite, 


| 
| 
| 
| 
| 
| 


GRIFFIN AND INGRAM 


MILES BELOW STREETS FERRY (RI) 


20 30 
“CHLORITE 

“KAOLINITE 
o ° 
: 7) 
O08 080 
f, 4 m 
0.4 04 m 


or (b) the breakdown of the kaolinite in 
the marine environment and the rear- 
rangement of the material into ‘“‘chlorite”’ 
or illite. (2) Much of the material 
amorphous to X-rays being washed into 
the estuary could be degraded soil and 
stream three-layered structures which are 
reconstructed in the marine environ- 
ment. (3) Much of the material amor- 
phous to X-rays could be truly amor- 


SAMPLING SITES 


Fic. 4.—Ratios of intensities of basal (00/) clay mineral lines in Neuse River Estuary 
samples. 
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SANDSTONE CLASSIFICATION: RELATION TO 
COMPOSITION AND TEXTURE 


JOHN BOKMAN 


Oswego, Illinois 


ABSTRACT 
Composition and texture are two interdependant properties upon which any sound classifi- 
cation of sandstones must be based. The extent to which a sediment approaches maturity is 
measured by the complexity of these properties. Sandstone types are defined in terms of the 


positions they occupy relative to the crushed-rock complex and the perfectly mature sediment. 
These positions reflect the influence of both source terrane and the basin of deposition. 


INTRODUCTION 


Four recent papers dealing with the 
characteristics of sandstones and the 
problems relating to their classification 
(Dapples, Krumbein, and Sloss, 1953; 
Folk, 1954; Packham, 1954; Pettijohn, 
1954) present somewhat divergent views 
and raise a number of provocative points. 
The present paper is based on a review 
of these articles and the older literature 
on the subject as well as mineralogical 
analyses of 61 sandstones, assembled 
largely from the literature. 


BASIC PROPERTIES 


“A rock ... has only two basic, funda- 
mental properties: composition and text- 
ure...’ (Krynine, 1948). They reflect 
the source or provenance of the sedi- 
ment, the extent to which it approaches 
maturity, and the fluidity of the deposit- 
ing agent (Pettijohn, 1954). Any ade- 
quate scheme of sandstone classification 
must be based on both of these prop- 
erties. 

The composition of most sandstones 
may be fully stated in terms of the per- 
centages of quartz, feldspar, meta- 
morphic rock fragments, and clay. Figure 
1 depicts the percentages of these con- 
stituents in 61 sandstones assembled by 
the writer. 

Quartz and clay are the stable end- 
products of parent rock disintegration, 


whereas feldspar and rock fragments are 
metastable in both the source and dep- 
ositional sites. Their presence in a sand- 
stone indicates both rapid erosion and 
deposition. The source-rock index (Petti- 
john, 1954) indicates the relative im- 
portance of feldspar-bearing and meta- 
morphic terranes as contributors to the 
sediment. The maturity index indicates 
the extent to which either pre-deposi- 
tional weathering, elimination of certain 
elements during transport, or derivation 
from a somewhat mature sediment have 
caused the sediment’s composition to 
differ from the crushed-rock complex 
(Dapples, Krumbein, & Sloss, 1953). 
The relative importance of these three 
factors is generally difficult to assess. 

Clay must be considered a textural 
rather than a compositional property, as 
it reveals nothing concerning the source 
rock but is an indicator of the deposi- 
tional environment. 

The texture of a sand may be con- 
sidered on three levels: (1) presence or 
absence of clay; (2) sorting of the sand 
fraction; and (3) roundness of the 
grains. The presence or absence of clay is 
an index of the fluidity (density and 
viscosity) of the depositing agent, and 
the sorting and roundness of the sand 
fraction reflects the amount of reworking 
the sediment has been subjected to dur- 
ing one or more cycles of deposition. 

Composition and texture are inter- 
dependant properties, a fact which is 


= 
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particularly clear at certain levels of 
maturity. Consequently, they are not 
susceptible to separate treatment, as 
Folk (1954) suggests. To treat them as 
such leads to a classification which is 
meaningless in the sense that many of 
the “‘pigeonholes’’ are unoccupied in 
actuality and that texturally and geneti- 
cally unrelated sandstones are placed in 
the same or similar categories. 


BASIN OF DEPOSITION 


Sandstones may be grouped into three 
main environmental categories, corres- 
ponding to three energy levels, on the 
basis of their textures: (1) the undis- 
turbed environment (typical of rapid 
burial in the eugeosyncline); (2) the 
partially reworked zone (unstable shelves 
and intracratonic basins); and (3) the 
zone of intense reworking (stable 
shelves). 

A considerable amount of interstitial 
clay characterizes sands deposited in the 
undisturbed zone. This indicates a dep- 
ositional mechanism of high density 
and viscosity, presumably turbidity cur- 
rents, which carried the sand out into 
this otherwise inaccessible zone. Essenti- 
ally no energy was subsequently ex- 
pended on the sediment to modify its 
initial structures. Quartz, feldspar, and 
metamorphic rock fragments may be 
present. 

Sands deposited in the zone of moder- 
ate reworking are characterized by the 
absence of appreciable amounts of clay, 
but a poorly sorted sand fraction and 
feldspar and rock fragments (if avail- 
able in the source area) are typical. 
Either the fluidity of the depositing agent 
was high (most probable) or, if it is low, 
enough reworking occurred to eliminate 
most of the clay which was present 
initially. This represents a second energy 
level, on which enough energy has been 
expended on the sediment to remove the 
clay but not to sort markedly the sand 
fraction or to destory or selectively re- 
move unstable components. 

The zone of intense reworking is one 
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of high fluidity and energy input. Con- 
sequently, no clay is present, the sand 
fraction is well sorted, and unstable 
mineralogical components have _ been 
eliminated. Quartz (and chert) is the 
dominant mineral present. The products 
of this zone of sedimentation may be 
divided into two classes on the basis of the 
roundness of grains. Both are well sorted 
and high in quartz but the more mature 
sands, such as the St. Peter, are also 
highly rounded. It has been suggested 
(Dapples, Krumbein, & Sloss, 1953) that 
the less well rounded type is characteris- 
tic of the unstable shelf environment. 

These environmental groups corres- 
pond in a general way to the ‘‘four stages 
of textural maturity, depending on the 
stability of the depositional site and the 
input of modifying energy”’ outlined by 
Folk (1954). Packham (1954), however, 
has questioned the validity of ascribing 
these stages to a single evolutionary 
sequence, and suggests that the bulk 
of the highly argillaceous sandstones be- 
long to a separate, truncated series, due 
to their deposition in deep water and 
consequent inaccessability to reworking 
(traction) currents. 


SOURCE 


The areas supplying detritus to these 
various depositional sites may range from 
terranes which contribute a mechanically 
derived, crushed-rock complex to a 
deeply weathered laterite or an unmeta- 
morphosed sedimentary terrane, both of 
which produce little but quartz and clay. 
This is largely a function of the tecton- 
ism of the region. The farther removed a 
sediment is from the crushed-rock com- 
plex the less reliable is its mineralogy as 
an indicator of provenance. 


CLASSIFICATION 


In order to test these concepts the 
mineralogies of 61 sandstones have been 
plotted on the accompanying triangle 
diagrams (figs. 1, 2). In figure 1 feldspar 
and metamorphic rock fragments, both 
metastable components, have been com- 
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Fic. 1.—Plot of the four primary components of 61 sandstones. The numbers designate 
the following fields: 1—orthoquartzite; 2—protoquartzite; 3—arkose and lithic sandstone; 


4—graywacke. 


bined at one apex. Figure 2 also differs 
from most diagrams which have been 
used to date in that only three of the 
primary constituents are represented 
instead of combining some two in order to 
depict all four. 

Despite Folk’s recent (1954) attempt 
to redefine it, long usage (Pettijohn, 
1943) has established the term ‘‘gray- 
wacke”’ as applicable to those sands high 
in interstitial clay, which are typically 
deposited in the undisturbed zone. The 
mineralogy of this type has been a 
matter of some debate (Folk, 1954; 
Krynine, 1948; Pettijohn, 1943, 1949; 
Tallman, 1949). The distribution of 
points on figure 2, marked by the 
prominent blank area between the two 


lateral concentrations, indicates that 
abundant feldspar and metamorphic 
rock fragments rarely occur in the same 
sandstone. This type of distribution 
also characterizes a plot of quartz, feld- 
spar, and metamorphic rock fragments. 
Consequently, there must be two gray- 
wacke subtypes, the feldspathic and the 
“lithic”? (Pettijohn, 1954). These corre- 
spond more or less closely to Krynine’s 
(1948) high- and low-rank graywackes 
and Pettijohn’s (1949) graywacke and 
subgraywacke. Although figure 2 does 
not indicate the actual percentages of 
feldspar and metamorphic rock frag- 
ments, they occur in appreciable quanti- 
ties in most graywackes, and ‘“‘quartz- 
wackes” (Williams, Turner, and Gilbert, 
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Fic. 2.—Plot of the three minor primary components of 54 sandstones, recalculated to 
100 percent. Note the prominent blank area between the feldspar and metamorphic rock frag- 
ment poles. (Quartz comprises less than 90 percent of the original rock in each case.) 


1954) are probably rather rare. 

At the level of moderate reworking 
this compositional dichotomy still pre- 
vails but little or no clay is present. Con- 
sequently, rocks which may be of 
identical mineral composition as those in 
the undisturbed zone are no longer called 
graywackes but are termed arkoses and 
lithic sandstones. Although Dapples, 
Krumbein, and Sloss (1953) say that, 
‘“.. no gradation is to be expected be- 
tween arkoses and true graywackes. .. ,” 
certain of the samples (Edwards, 1947; 
Briggs, personal communication) are in- 
deed transitional, containing 20-40 per- 
cent each of feldspar and clay. 

In the intensely reworked zone only 
quartz remains, and the rock clearly is an 
orthoquartzite. To call such a sand a 


graywacke if it contains ‘‘stretched 
metaquartzite’’ particles (Folk, 1954) is 
to ignore completely the textural evolu- 
tion of the sediment. 

On neither of the two diagrams are all 
four basic sandstone types depicted, 
figure 1 having a composite field and 
figure 2 lacking the orthoquartzite pole. 
It is an inescapable fact that no simple, 
two-dimensional diagram can show all 
four rock types. Most attempts to cir- 
cumvent this fact have led to hybrid 
groupings which have obscured certain 
significant relationships. The prism of 
Dapples, Krumbein, and Sloss (1953) is 
an improvement but still has the defects 
that rock fragments and clay are com- 
bined at one apex and that it fails to 
account for the feldspathic graywackes. 
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A better solution might have been to 
place clay content on the vertical sorting 
axis (where it would have been restricted 
to the lower levels). Krynine (1948) and 
Folk (1954) are also in error in combining 
metamorphic rock fragments and clay, 
for, as Pettijohn (1954) points out, the 
former is a labile and the latter a stable 
component of the sediment. Also, the 
idea implicit in this grouping that the 
clay paste is a micaceous ‘“‘hash”’ derived 
solely from the mechanical destruction 
of metamorphic rock fragments is ques- 
tionable. Much of the sericite and chlor- 
ite which characterizes these pastes is 
undoubtedly the product of secondary 
organization of the original clay. Petti- 
john’s (1949) diagrams fail to account 
for the rock fragments present in many 
sandstones, and Folk (1954) errs in at- 
tempting to differentiate “‘metamorphic 
quartz” and place it with the rock frag- 
ments. 

Figure 1 is an attempt to eliminate 
these undesirable features by combining 
feldspar and metamorphic rock frag- 
ments, both metastable components, at 
one apex. Nanz (Pettijohn, 1954) and 
Packham (1954) have also done this. 
The various fields in figure 1 correspond 
to the four primary (and one secondary) 
sandstone types. They are defined in the 
following manner: orthoquartzite—over 
90 percent quartz (and chert); gray- 
wacke—over 20 percent clay; arkose and 
lithic sandstone—over 25 percent labile 
particles, more than half of which are, 
respectively, feldspar or metamorphic 
rock fragments; protoquartzite—less 
than 90 percent quartz, 20 percent clay, 
and 25 percent labile components. The 
protoquartzite group may be subdivided 
into feldspathic, argillaceous, and lithic 
subtypes, depending on which minor con- 
stituent predominates. These replace the 
terms feldspathic sandstone, subgray- 
wacke and protoquartzite (as used by 
Pettijohn, 1954). 

The classification here discussed is 
essentially the same as that recently 
presented by Pettijohn (1954). Gray- 
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wacke and orthoquartzite are considered 
to be the two polar members of the sand- 
stone family, the former representing the 
crushed-rock complex and the latter the 
absolute value on which all sediments 
converge in their journey toward matur- 
ity. This is not to imply, however, that 
the process of sediment evolution can 
always approach the limiting value. As 
Dapples, Krumbein, and Sloss (1953) 
and Packham (1954) point out, certain 
sands by virtue of their composition or 
depositional environment may be termi- 
nal deposits. Hence, the writer’s objec- 
tion to the term “subgraywacke” which 
implies derivation from a graywacke. 
Arkose and lithic sandstone are parallel 
(on the same level of maturity) inter- 
mediate types which are related much 
more closely than their diverse mineral- 
ogies would indicate. The failure of pre- 
vious workers to recognize this similarity 
arose from the untenable assumption 
that the two rock types reflected drastic- 
ally different tectonic states of the source 
area. High tectonism in the source (so 
the argument ran) would inevitably pro- 
duce a flood of arkosic material, whereas 
the more mildly activated sources border- 
ing geosynclines and intracratonic basins 
would yield only metamorphic rock frag- 
ments. Numerous examples can be cited 
to show, however, that a high degree of 
tectonism may never lead to the un- 
roofing of the crystalline basement, and 
that lithic sandstones may be _ post- 
orogenic deposits in the same manner 
as wedge arkoses. Likewise, blanket 
arkoses have their counterparts in blan- 
ket lithic sandstones. Protoquartzite is a 
secondary type which includes all sand- 
stones transitional between arkose and 
lithic sandstone and orthoquartzite. As 
such, it is probably one of the most abun- 
dant sandstone types. 

The classification is genetic in the 
sense that it is based on textural and 
compositional properties which reflect 
the position of each type with respect to 
the end members of the maturity scale. 
These hypothetical limits are the 
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crushed-rock complex, a sand derived 
from an undifferentiated source upon 
which a minimum of modifying energy 
has been expended, and the perfectly 
mature sediment, the result of complete 


JOHN BOKMAN 


the expenditure of an infinite amount of 
energy. Perhaps a genetic classification 
can never be formulated in terms less 
abstract than these without descending 
to the level of mere detailed environ- 


lithologic convergence, accomplished by mental ennumeration. 
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THE NATURE OF CORROSION ZONES IN THE 
MIDDLE ORDOVICIAN OF MINNESOTA! 


N. PROKOPOVICH 
University of Minnesota, Minneapolis, Minnesota 


ABSTRACT 


So-called corrosion zones are very common in the sedimentary rocks of the Upper Middlé 
Ordovician in southeastern Minnesota and adjoining areas. They are usually represented by 
more or less irregular corrosion surfaces with a microconglomeratic covering. Both surfaces 
and covering have been produced by the mechanical erosion and chemical solution of the sedi- 
ment on the sea floor through the action of bottom currents. 


INTRODUCTION 


So called corrosion zones are typical 
features of the upper part of the Middle 
Ordovician in southeastern Minnesota 
(Stauffer and Thiel, 1941). The nature of 
these structures and therefore their 
stratigraphic value are, however, still 
not fully understood. The following paper 
attempts to present data which may help 
clarify this problem. 

The discovery of the corrosion zones 


seems to have been made by Chamberlin, 
(1882) in Wisconsin and Sardeson (1897) in 
Minnesota. In the following publications 
Sardeson (1898, 1906, 1916, 1926, 1937) 
described about eight such zones, one of 


which he described in detail from a 
genetical standpoint (1914). Further, 
the origin of the corrosion zones was dis- 
cussed by Stauffer (1925), Pettijohn 
(1925, 1926, 1949), Thiel (1935, 1937) 
and Krumbein (1942). Some information 
on the corrosion zones was collected also 
by Elder (1936), Schwartz (1936), Stauf- 
fer and Theil (1933, 1941), Thomas 
(1937), Weiss (1953, 1954), and Majewske 
(1953). 


' Published with permission of Dr. G. M. 
Schwartz, the Director of the Minnesota 
Geological Survey. The writer is indebted to 
Dr. G. M. Schwartz for financial support; 
to Dr. G. A. Thiel for reading the manu- 
script, and to Mr. O. P. Majewske for help 
during the field investigation. 


CHARACTERISTICS OF CORROSION ZONES 


The term ‘‘corrosion zone”’ is used here 
to indicate certain parts of sediments 
showing traces of corrosion—corrosion 
surfaces, microconglomerates, and_ per- 
haps some layers of ‘“‘brassy oolites.”’ 
Such zones are located at different levels 
in the normal marine sediments of the 
Upper Middle Ordovician in southeastern 
Minnesota (fig. 1). 

Corrosion surfaces are more or less 
parallel to the bedding and are either 
slightly uneven, somewhat pitted flakes 
(fig. 3b) or quite irregular, strongly 
pitted surfaces (fig. 2). They are covered 
and penetrated with different fucoidal 
trails and burrows at many places and 
have incrustations of bryozoa, crinoids, 
etc. at other places (Sardeson 1898). 
Numerous small pits five to six mm deep, 
probably made by worms, are especially 
typical for the corrosion zone at the top 
of the ‘Buff’? submember in the Twin 
Cities area (fig. 3). Most of the corrosion 
surfaces have a black stain of finely 
divided iron sulphide up to more than 
one cm thick, which grades downward 
into the normal type of rock. Yellow 
pyrite crusts and segregations may 
occur together with pyritic strains. There 
are, however, some corrosion surfaces 
more or less free of black stain. In out- 
crops of the Glenwood formation corro- 
sion zones show a limonitic incrustation, 
but at some places pyrite is present in 
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Fic. 1.—Geological column of the Upper Middle Ordovician in Minnesota, showing location 
of corrosion zones. Lower part of column according to outcrops in the Twin Cities. Upper part 
is projected from southeastern Minnesota and is absent in the area of the Twin Cities. 
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less weathered parts of the sediments 
(Majewske, 1953). Limonite therefore 
seems to be a product of the secondary 
oxidation of pyrite. 

The corrosion surfaces are usually 
overlain by microconglomeratic beds? up 
to 10 cm or more thick composed of a 
calcareous, dolomitic, silicified, or shaly 
matrix containing coarse grains of quartz, 
phosphorite grains, and larger pebbles 
and slabs of limestone. The upper bound- 
aries of microconglomeratic beds are 
more or less gradational. The limestone 
pebbles (fig. 3a) up to seven cm or 
more long and three cm or more thick 
lie parallel or inclined to the bedding 
whereas the larger limestone slabs tend to 
be parallel to the bedding. These slabs 
are up to 40 cm in length but only two- 
three cm thick at some places. The sur- 
face of pebbles and the upper surface of 
slabs may be black-stained and pene- 
trated by fucoids. The phosphorite grains 
are especially characteristic of some corro- 
sion zones and were described in detail by 
Pettijohn (1925, 1926). They are mostly 
small (+ three mm) and irregular with 
black shiny surfaces and dull gray in- 
teriors. In the literature such grains have 
been called ‘‘pebbles,’’ but they are of 
non-clastic origin and are smaller than 
pebble size. Neither is the term ‘‘nodule”’ 
applicable because many of the grains 
are organic fragments or molds. 

According to Sardeson (1898) the cor- 
rosion zones have a tendency to occur 
close to the upper boundaries of the 
faunal zones (Sardeson 1897). They may 
occur, however, within such units also; 
for example, a set of corrosion zones occur 
within the Pecatonica member of the 
Platteville formation in Fillmore County 
(Weiss, 1953, 1954). 


The oldest corrosion zones, in the form 


2 Because of the relatively small number of 
true pebbles in the rock previously called ‘‘cor- 
rosion conglomerate,” the term ‘‘microcon- 
glomerate’’ is used here to point out the 
peculiarity of the sediment. 
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Fic. 2.—Strongly uneven corrosion sur- 
face covered with pyrite stain. Pyrite occurs 
as dark pigment and yellow segregation within 
the stain. Drill core of Platteville (?) lime- 
stone at Mason City, Iowa. Photographed 
by Photographic Laboratory of University 
of Minnesota. 


Fic. 3.—Corrosion zone near the boundary 
between Quarry bed and Buff limestone, 


Minneapolis, West River Road near St. 
Mary Hospital. a) Limestone pebble with 
dark stain and “worm burrows” from micro- 
conglomerate. b) Dark stained corrosion 
surface penetrated by numerous ‘‘worm 
holes." Some holes penetrate the stained 
zone. (Photographed by Photographic Labo- 
ratory of University of Minnesota.) 


of limonite seams, occur in the Glenwood 
formation (Thiel 1935, 1937). Four or five 
such zones were observed by the writer in 
a sandstone quarry north of Minneapolis 
in Columbia Heights. At one place two 
of the limonite seams are strongly folded 
and broken although the strata above and 
below are undisturbed (fig. 4). The fold- 
ing may bea result of a mud slide on the 
former sea floor. A few cracks in the 
corrosion zone at the top of the Buff 
submember at St. Mary hospital in 
Minneapolis may be of the same origin. 

Corrosion zones in the Decorah shale 
are somewhat different. In this formation 
microconglomerates may occur without 
continuous corrosion surfaces at the base, 
and layers of ‘‘brassy oolites’’ are com- 
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monly present. These are 13 to two mm 
in diameter and show well developed con- 
centric structure and after partial solu- 
tion in HCI leave opaline skeletons. Their 
X-ray pattern indicates goethite. 
Corrosion zones such as are discussed 
here are widely distributed also in 
neighboring areas. They have been re- 
ported in Wisconsion, Iowa, Illinois, and 
Tennessee.* The writer observed several 
well developed corrosion zones in a drill 
core from Mason City, Iowa (fig. 2). 
The horizontal extent of a single zone 
seems, however, to be variable. Some of 
the zones continue for miles, while others 
are very local. Such a local zone was re- 
ported, for example, by Pettijohn (1925) 
in a limestone lens in the Glenwood 
formation, while another one was found 
by the writer in the Crinkly submember 
in the Johnson Street Quarry in Minn- 
neapolis. The latter zone was about 20 
feet long. The number of zones within a 
given formation seems to increase to- 
ward the south and southeast of Min- 
neapolis. In Fillmore County in south- 


Fic. 4.—Intraformational folding of two 
Limonite seams and shales within Glenwood 
formation. Nick Helm sand quarry, Colum- 


bia Heights, North Minneapolis. 
Majewske (1953). 


From 


% Agnew, 1948; Agnew and Heyl, 1946; 
Bain 1905, 1906; Bassler 1932, Plate 32A, 
B; Bays 1938; Bays and Raash 1935; Cham- 
berlin 1882; Grant and Burchard 1907; Kay 
1929; Kay 1935; Kay and Atwater 1935; 
Pettijohn 1925, 1926; Sardeson 1898; Temple- 
ton and Willman 1952, Fig. 15a, 16; Trow- 
bridge and Shaw 1916. 
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eastern Minnesota, Weiss (1954) re- 
ported corrosion zones in groups at sev- 
eral horizons. 


ORIGIN OF CORROSION ZONES 


The following processes may be res- 
ponsible for the development of corro- 
sion zones: 

A. Solution in hard rocks 
B. Corrosion in unconsolidated 
ments: 

a. Subaerial, during periods of dry- 

ing, 

b. Subaqueous because of: 

1. Non-sedimentation at the pro- 
file of deposition, attended by 
wave action, influence of sea 
weed, etc. 

. Solution of sediment because 
of increase in HS content of 
sea water 

3. Corrosion of sediment by bot- 
tom currents 

Morphologically some of the corrosion 
surfaces are similar to stylolitic ‘‘undula- 
tion seams.” According to Stockdale 
(1926) such structures have been pro- 
duced by solution in solid rocks. In the 
case of the corrosion zones discussed, 
however, this interpretation cannot ex- 
plain: (a) the origin of the microcon- 
glomerate beds with limestone pebbles 
and slabs; (b) the penetration of corro- 
sion surfaces by fucoids and worm tubes; 
(c) the penetration of residual pyritic 
stain by some cavities (fig. 3); (d) the de- 
velopment of irregular pockets and knobs 
in solid rock. 

Furthermore, the idea of corrosion 
during short periods of drying cannot be 
accepted because the marine sediments 
above and below corrosion surfaces do 
not show any evidence of drying. The 
corrosion surfaces are not associated 
with dessication fissures, rain imprints, 
and similar subaerial structures, but are 
penetrated by fucoids and worm tubes. 
Furthermore, the occurrence of pyritic 
stain instead of limonite indicates a sub- 
aquaceous condition of origin. Any 
transgression strong enough to produce 
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microconglomerates would destroy the 
fine corrosion relief. (Sardeson 1914). 

According to Thiel (1935) (Cf. Bain 
1906) the limonitic corrosion seams at the 
base of the Glenwood formation were 
developed ‘‘when the sediments were 
built up to the profile of deposition in a 
shallow sea where an oxidizing environ- 
ment prevailed.” However, since most 
of the corrosion zones in the overlying 
strata show pyritic accumulations, there 
is no reason to suppose a different origin 
for the zones in the Glenwood formation. 
It seems more likely, therefore, that the 
limonite seams in the Glenwood were 
developed by the secondary oxidation of 
pyrite referred to above. 

It is not clear what agents may have 
produced the structures described at the 
profile of deposition. For example,wave 
and tide actions would produce ripple 
marks rather than pitted surfaces, and 
all of the destruction of sediments in this 
area appears to be mechanical, whereas 
the corrosion surfaces show the influence 
of solution. 

According to Stauffer (1925) and 
Pettijohn (1925, 1926, 1949) the corro- 
sion took place in an anaerobic environ- 
ment (similar to the Black Sea) through 
the solvent action of H2S-bearing waters 
on calcareous mud. H,S solutions, how- 
ever, are not good solvents of CaCQOs. 
Moreover, some of the corrosion zones 
are not attended by pyrite stain.4 The 
corrosion surfaces may have been pene- 
trated by worm tubes and other animal 
trails and incrusted by bryozoa, crin- 
oidea, etc., which contradict the presence 
of strongly anaerobic condition during 
corrosion. Moreover, an increase in H.S 
would seem to be more probable in quiet 
basins, but the type of corrosion zones 
seem to indicate an increase in water 
agitation. 


4 Almost all of the carbonate rocks in the 
section discussed contain only small amounts 
of pyrite. Probably the pyrite that is present 
was deposited within but not on the surface 
of the mud as a result of the decomposition 
of organic remains within poorly aerated 
fine-grained sediment. 
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There still remains an alternative 
explanation of the structures observed. It 
is the corrosion by bottom currents® 
which has long been known in oceanic 
basins as well as in shallow seas. Such 
currents are of various origins and may 
produce both mechanical erosion and 
chemical solution of bottom sediments.°® 

The processes involved in such current 
erosion in clastic sediments may be de- 
scribed as follows: 

1) Sedimentation of fine mud with 
small admixtures of sand takes place 
while no currents are present and normal 
benthonic life thrives on the sea floor. 

2) Weak currents produce some out- 
wash of the finest and lightest grains 
during the sedimentation and thus pro- 
duce slight reduction in thickness and 
increase of grain size of sediments. 

3) Continued increase in velocity of 
currents causes an increase in the 
amount of outwash of fine sediment. 
Some coarse grains may have _ been 
brought from other areas by the stronger 
currents, and the environment becomes 
unfavorable for bethonic life. 

4) A further increase of current activ- 
ity causes by-passing and even erosion of 
sediments previously deposited. The 
coarse residual material, including peb- 
bles, accumulates on the eroded surfaces. 
At this stage the conditions for benthonic 
life are most severe and a_ specific 
biocoenose of burrowing and _ drilling 
organisms develops to produce some 
protection against the movement of 
water. 

A decrease in the velocity of currents 
produces similar changes but in the re- 


5 The first very brief attempt to explain 
the corrosion zones by current action was that 
of Sardeson (1898). Referring to observation 
of Ruedemann (1897-98) in the state of New 
York, Sardeson briefly referred to the cor- 
rosion zones similar to those described by the 
writer as the result of submarine erosion and 
corrosion. 

6 Agassiz 1888, Alexander 1934, Andree 
1908, 1920, Lebour 1874, Nansen 1904, 
Shepard 1948, Sverdrup et al. 1942, Twen- 
hofel 1932, Verill 1878, Willis 1910 and many 
others. 
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verse order. Corrosion surfaces with some 
residium become covered with coarse 
sediments grading upward into fine mud. 
Undoubtedly the position and strength of 
the currents were changed at times to pro- 
duce different corrosion zones or they 
may have changed horizontally to pro- 
duce changes in one and the same 
corrosion zone. Some of the currents 
were spread over larger areas to produce 
extensive corrosion zones, while others 
were very local. On the other hand, if 


“currents were not sufficiently strong to 


develop true corrosion § surfaces, their 
activity was limited to the formation of 
microconglomeratic beds, while very 
strong currents might erode certain parts 
of older sediments. This may be the 
reason for the absence of some lithic units 
and the thinning of other units at differ- 
ent places. Such relationships have been 
described in the literature for both old 
and recent sediments (Cf. Andrée 1908, 
Heim 1924, Lutyj-Lutenko 1951, etc.). 
The solution of calcareous mud may 
have been taking place simultaneously 
with the mechanical erosion. Such sol- 
vent action would be favored by an in- 
crease in CO, in bottom waters (Proko- 
povich 1952a), and may have caused the 
development of a pyritic residual stain 
on the corrosion surfaces. The environ- 
ment was dynamic and solution may 
have been taking place also in the upper- 
most part of the accumulating sediment 
to produce black stained zones. Such 
stain may be absent, however, or only 
poorly developed if the sediment was 
originally low in pyrite. On the other 
hand, the origin of ‘‘brassy oolites’’ may 
have been connected with the accumula- 
tion of larger amounts of residual iron- 
bearing gels on the sea floor where the 
movements of water were favorable for 
the development of an oolitic structure. 
According to Sardeson (1897, 1898, 
1914) the corrosion surfaces occur in the 
uppermost parts of faunal zones. Faunal 
changes of such scale may have been 
caused by facies changes, for undoubt- 
edly changes in current activity were at- 
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tended by facies changes. The scarcity of 
fossils and the occurrence on corrosion 
surfaces of fucoidal burrows, worm tubes, 
incrustations of bryozoa etc. are good 
evidences of a dynamic environment pro- 
duced by water currents which eventu- 
ally led to the development of a specific 
biocoenose on the sea floor. No less 
significant is the association of corro- 
sion zones with phosphatic grains and the 
occurrence of “‘oil rock’? in the corres- 
ponding Ordovician sediments. (Agnew 
& Heil 1946; Bain 1905, 1906; Grant and 
Burchard, 1907; Majewske, 1953; etc.) 
Both may have been formed in the 
areas of upwelling water currents (Proko- 
povich, 1952). 


CONCLUSIONS 


Bottom currents may have covered 
different areas at different times so that 
the time-correlative value of the corro- 
sion zones is slight. Even in the case of 
corrosion zones occurring in similar 
stratigraphical positions in different areas 
there is still a possibility that the corro- 
sion was produced not by the same 
current everywhere, but by _ several 
currents and at somewhat different times. 
The paleogeographic significance of these 
structures as an indicator of ancient 
current activity is, however, very great. 
Moreover, they support the idea of the 
presence of many more or less local 
breaks in the marine geologic column 
(Twenhofel 1932). 

The phenomena discussed is closely 
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related to so-called turbidity currents. 
There is no doubt that currents strong 
enough to erode the sea floor will contain 
a load of sediment produced by the 
erosion of sediments already deposited, 
i.e., they will become turbid waters. 
Transportation by currents accounts 
also for the occurrence of some sand grain 
in the microconglomeratic beds. The 
type of biocoenose indicates, however, a 
more or less “hard bottom’ with very 
dynamic water conditions rather than 
rapid deposition of great loads from 
muddy waters. Moreover, the invasion 
of muddy waters would cause the sedi- 
mentation of microconglomerate beds 
rich in clastic material, but such is not 
the case in most of the corrosion zones. In 
sandy and shaly sediments such as occur 
in the Glenwood and Decorah forma- 
tions, “turbidity currents’’ may have 
played a part in the formation of corro- 
sion zones, but in limestone strata, 
chemical corrosion is an extremely im- 
portant factor. The turbidity of currents 
in all cases is, however, probably only a 
secondary result of submarine erosion, 
rather than the cause of development of 
the corrosion zones. Though somewhat 
similar structures have been discussed in 
the literature as a result of turbidity 
currents (Kuenen 1951, Natland & 
Kuenen 1951, and others), the zones ob- 
served by the writer are more reasonably 
explained by the activity of various 
types of “‘bottom currents’ rather than 
by typical “‘turbidity currents.”’ 
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DIAGNOSTIC HEAVY MINERALS IN THE 
REGOLITH OF MASSACHUSETTS 


MITCHELL A. LIGHT 
University of Massachusetts, Amherst, Massachusetts 


ABSTRACT 


Heavy mineral analyses were made on samples of soils and unconsolidated sediments col- 
lected from various parts of Massachusetts. It was noted that the outcropping and underlying 
bedrock has exerted a strong influence upon the character of the heavy mineral suite, particu- 
larly in the highland regions of the state. The soils and unconsolidated materials of the Con- 
necticut Valley showed similar heavy mineral assemblages. No significant variations in heavy 


mineral content with change in horizon were observed in the soil profiles examined. 
Data recorded for certain samples from the northwestern part of the state show the influence 


of wind-blown soils material. 


INTRODUCTION 


A survey of the heavy minerals in the 
soils and soil materials of Massachusetts 
was undertaken in an effort to determine 
if such studies would contribute to an 
understanding of the origin and morphol- 
ogy of the soils in the state. 

It was found that the occurrence of 
diagnostic heavy minerals in addition 
to textural studies (Colby, et al, 1952) 
gave enough pertinent background in- 
formation about soil origins so that a re- 
evaluation of soil mapping in Massachu- 
setts seems advisable. An improved 
classification would not only utilize total 
mineral composition but also textural, 
structural, and general geological con- 
siderations in grouping the soils of the 
state. 

Massachusetts can be divided into 
five general physiographic regions from 
west to east, (fig. 1). The Housatonic- 
Hoosic River valleys, the Western High- 
land, the Connecticut Valley, the Eastern 
Uplands and the Eastern Lowlands. For 
the purposes of this paper the first two 
regions are grouped together and are 
referred to as Western Massachusetts. 
The dotted areas on the map indicate the 
locations of samples. 


PROCEDURE 

Approximately 100 locations and sev- 
eral hundred samplings were made 
throughout the state. Both auger and 
channeling techniques were used in the 
sampling. Most of these samples were 
either separated by sieving or by the 
pipette method. All of the fractions of 
twenty-five samples were subjected to 
heavy mineral analysis using bromoform 
as the heavy liquid medium. Slides were 
mounted in arochlor (n=1.660). The 
—.125 mm +.062 mm size or its ap- 
proximate equivalent was found to be 
representative of the finer sand frac- 
tions, and the —.250 mm +.125 mm 
size or its approximate equivalent was 
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found to be representative of the coarser 
sand fractions. In the case of tills which 
are bimodal the fractions in the region of 
the secondary maxima were used. 


8+ 90-100 Throughout this paper frequency num- 
8 75-89 Very Abundant bers (table 1) are used to denote the 
o— 60-74 abundance of minerals, a scheme which is 
74+ 45-59 a slight modification of the one used by 
7 35-44 Abundant Evans, Hayman and Majeed (1933). 
7- 28-34 These frequency numbers bear a log- 
, arithmic relation to the actual fre- 
Fairly Abundant as determined by counting, but 
@. 13-17 ms the lower numbers depart somewhat from 
a true logarithmic plan. The advantages 
5 7-12 Very Common of this method of presenting data are 
that more emphasis is placed on the 
2 lower frequencies where a small change is 
1 +-1 Rare more significant, and it obscures lesser 
x <3 Ae > a fluctuations in frequency which fall with- 
sen 


in the range of experimental error in the 
techniques employed. 


From Evans, Hayman and Majeed. 
DISCUSSION 


Table 2 gives the high, low, and aver- 
age frequency numbers of the minerals in 


TABLE 2 
Frequency 

a Western Connecticut Eastern Eastern 

Massachusetts Valley Uplands Lowlands 

Garnet 8-— - 6 7-— 2 5 7+ 3 6 7 5 6 
Amphibole group 7-— - 6- 7 5 6+ 7+ 2 6-— 7+ 5 7- 
Epidote group 8-— 1 6—- 7+ 6- 7- 7 x § 7 5 6 
Black opaque 7+ 3 6- 6 1 5 7- 1°55 7-— 4 6— 
Chlorite 6 - 3 7 1 5 4 ey 6 - 3 
Muscovite 7+ x 4 7-— 1 4 4 - 1 6 —- 3 
Biotite 4 - 2 4 - 1 6 - 3 a <2 
Sillimanite 1 - 2 1 8+ - 5 
Kyanite 2 x 2 - ¥ 5 - 1 1 - 0 
Staurolite 6 3 3 - 1 1 —- x 2 =e 
Chlorotoid 6+ 3 4 - 2 x - x 1 - - 
Zircon 6 -— 3 4 - 2 6 - 4 a £3 
Tourmaline 7 - 4 6-— - 2 4 - 1 4 1 
Rutile 4 - 1 3 - 1 4 - 2 4 - 1 


H= high; L=low; A =average for the samples examined from each region. Amphibole group 
includes hornblendes, actinolite, and tremolite. Epidote group includes epidote, zoisite, and 
clinozoisite. Black Opaque includes magnetite and opaque titanium bearii:¢ minerals, 
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the samples studied. These data show the 
quantitative distribution of the heavy 
mineral suite as it occurs in the Connec- 
ticut Valley, Western Massachusetts, 
Eastern Uplands, and Eastern Lowlands. 

The average frequency of samples of 
soils from the Connecticut Valley ap- 
pears as the dotted line in figure 2, and 
the associated nonsoil material as the 
solid line. The results shows that a close 
correlation exists between the soils and 
associated non-soils in this region with 
few exceptions. Epidote and tourmaline 
frequency averages are slightly higher 
for the soil samples. Garnet, amphibole, 
black opaque, biotite, chlorotoid, and 
zircon show slightly higher averages in 
the non-soils. More intensive studies are 
necessary to establish the extent of such 
correlations. 

Profile charts of heavy mineral fre- 
quencies in relation to the locations of 
samples throughout the four regions of 
the state appear in figure 3. The fre- 
quency units of the —.125 mm +.062 
mm fractions were plotted vertically and 
the samples by number were plotted 
horizontally. This gives a general overall 
view of the distribution of each mineral 
throughout the sampled areas of the 
state. 
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Fic. 2.—The average frequency of heavy 
minerals in the Connecticut Valley samples. 
The vertical represents the average mineral 
frequencies. The horizontal represents the 
minerals. G=garnet, A=amphiboles, E =epi- 
dote, BL=black opaque, Ch=chlorite, M 
=muscovite, B=biotite, Cl=chlorotoid, Si 
=sillimanite, K=kyanite, St=staurolite, Z 
=zircon, T =tourmaline, R =rutile. 


In figure 3 garnet appears to be most 
abundant in eastern Massachusetts and 
shows considerable deviations in abun- 
dance in the western part of the state. 
Amphibole and epidote have a similar 
pattern and appear to be generally 
abundant throughout the state. The 
lowest frequencies are recorded in the 
eastern and western uplands. In the 
Connecticut Valley the high frequencies 
of both amphibole and epidote show 
fewest deviations. The highest concen- 
tration of black opaque is in the western 
uplands. Here again the upland samples 
show the largest variations in fre- 
quencies. 

The most noteworthy feature of the 
chlorite and muscovite profiles (fig. 3) is 
the increasing concentration of these 
minerals in the Connecticut Valley and 
westward. Both minerals show wide de- 
viations in frequency throughout the 
state. Biotite is generally less abundant 
than chlorite and muscovite, and its 
higher concentrations are found in east- 
ern Massachusetts, particularly in the 
uplands. 

The next four profiles below that for 
biotite are representative of the typically 
diagnostic heavy minerals. Other min- 
erals, which may occasionally be di- 
agnostic but generally were found in 
minor quantities in the samples collected 
are pyroxenes, hematite, andalusite, 
corundum, spinel, and monazite. The 
samples of chlorotoid in the profile 
indicate that it is scarce to rare in the 
eastern Massachusetts samples. It in- 
creases in quantity in the Connecticut 
Valley and becomes fairly abundant in 
some samples of western Massachusetts. 
In the western part of the state silliman- 
ite is either absent or rare in the areas 
sampled. Its quantity increases slightly 
in the Connecticut Valley. In the eastern 
uplands it is present in abundance and it 
is common in the eastern lowlands. 

Kyanite is typical of many minor 
minerals found in these samples. It is 
absent or scarce in most samples, with a 
few samples having higher concentra- 
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tions. Staurolite is fairly abundant in the 
central part of western Massachusetts, 
but at other locations sampled, it occurs 
with considerably lower frequency. It 
should be remembered that these profiles 
are of the —.125 mm size fraction. 
Kyanite and staurolite concentrations 
increase in the coarser fractions, par- 
ticularly in the samples from western 
Massachusetts. 

The last three profiles appearing in 
figure 3 represent the relative frequencies 
of the so-called stable minerals, zircon, 
tourmaline, and rutile. All three have 
their most prominent development in the 
upland regions. The zircon content is 
higher than the tourmaline in the eastern 
part of the state; the reverse is true in 
the Western Uplands. Rutile content is 
highest in the Eastern Uplands. The 
fact that common to abundant fre- 
quencies are recorded for all three of the 
stable minerals, particularly in the 
Western Uplands, does not indicate that 
the Western Upland soils have been sub- 
jected to a high degree of weathering. It 
is more likely to indicate that unusual 
amounts of these minerals have been 
derived from the outcropping rocks in 
the region. 

This investigation has uncovered con- 
siderable evidence showing the strong in- 
fluence of the bedrock on the sand frac- 
tions of the surficial deposits near out- 
crops, particularly in the highlands. The 
numbers on the map in figure 4 represent 
areas where significant frequencies of one 
or more minerals appear to be related to 
bedrock or to nearby outcrops. 

Samples taken from the plots at the 
Massachusetts Agricultural Station in 
the Greylock area (fig. 4, loc. 1) show un- 
usually high frequencies of tourmaline 
and black opaque with garnet scarce in 
the finer fractions. Underlying Greylock 
schist contains significant quantities of 


Fic. 3.—Profile charts of heavy mineral 
frequencies (vertical) in the regolith of 
Massachusetts in their geographic setting 
(horizontal). 
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tourmaline, ilmenite, and magnetite. No 
garnet is reported. Some of the magnetite 
in the soil samples shows octahedral habit 
even in grains which have been partially 
altered to hematite during the  soil- 
forming process. Thus the evidence 
points to a residual derivation for this 
soil body. The garnet which is present in 
minor quantities may be representative 
of the material added to this soil by 
wind. 

Near the town of Adams in the north- 
western part of the state (fig. 4, loc. 2) 
anotherarea was found havinganextreme- 
ly high concentration of tourmaline. The 
eastern part of the Berkshire schist con- 
tains much tourmaline, and outcrops of it 
are widespread in this area. 

Samples taken northeast of the town 
of Charlemont (fig. 4, loc. 3) have abun- 
dant amounts of muscovite. The Savoy 
schist is the main outcropping formation 
of the area and contains a high percent- 
age of muscovite. 

In the Central Western Massachusetts 
region, (fig. 4, loc. 4) staurolite is com- 
mon to very common and in places fairly 
abundant. The staurolite distribution 
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Fic. 4.—Areas where specific mineralogic correlations have been made with the bed rock. 


indicates that the Conway schist, which 
is the most widespread formation in 
this region, obviously added to regolith 
material. In the Conway formation 
Emerson (1917) pointed out that there 
was a general abundance of staurolites 
to the south which became increasingly 
rare toward the north. This same pat- 
tern occurs in the surficial material 
covering the Conway schist. Zoisite and 
clinozoisite are the common _ epidote 
minerals in the bedrock of this region 
and in the vicinity of Shelburne Falls 
(fig. 4, loc. 5) and this too is reflected in 
the soils and soil materials. 

Kyanite is generally scarce in the 
sampling throughout Massachusetts but 
is more common in the coarser fraction, 
particularly from the Western Uplands. 
Kyanite is reported to be common in 
such Western Uplands formations as the 
Conway and Goshen schists. 

The high percentage of tremolite in the 
samples taken in the Great Barrington 
area of Southwestern Massachusetts re- 
flects a characteristic of the underlying 
and outcropping Stockbridge formation. 
South of the town of Northfield in the 
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Connecticut Valley region, (fig. 5, loc. 6), 
soil samples which have certain charac- 
teristics of loess have an abundance of 
chlorite and muscovite in both the coarse 
and fine heavy fractions. Surficial mate- 
rial taken just below these samples ad- 
here more closely to the lower average 
frequencies which are more commonly 
found in the Connecticut Valley region. 
The rocks which outcrop here such as the 
Amherst schist, Devonian Bernardston 
formation, and the Monson granodiorite 
contain some high concentrations of 
chlorite and muscovite. While some of 
these minerals in the soils appear to be 
derived from such sources, the morpho- 
logical characteristics of the soils also 
indicate an unusual influx of windblown 
material perhaps from the northwest. 

Moving to the Eastern Uplands, north 
of the town of Pelham (fig. 4, loc. 7) 
several residual soil samples had a very 
high frequency of tremolite-actinolite 
forms of amphibole. Tremolite-actinolite 
(Emerson, 1917) are reported as common 
in the Northfieldite border phase of the 
Pelham granite which is the outcropping 
and underlying formation in this section. 
In the eastern uplands tremolite is not 
found in any large quantities where this 
formation is absent. 

Garnet and sillimanite were found to 
be very abundant in samples taken in the 
highlands near the town of Ware (fig. 4, 
loc. 8). In the coarse fractions garnet is 
extremely frequent and in the finer frac- 
tion sillimanite is more frequent. This 
sampling area is underlain by the Coys 
Hill granite which is noted for its high 
concentrations of sillimanite and garnet. 

Somewhat north of the town of Ware 
near the town of Gilbertville, (fig. 4, loc. 
9) samples had an_ uncharacteristic 


scarcity of sillimanite. Significantly, the 
Hardwick 


granite which outcrops 
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throughout this locality has no silliman- 
ite. A similar situation is found in the 
eastern section of the uplands near the 
town of Leicester (fig. 4, loc. 10). Those 
samples where sillimanite was either 
absent or rare were taken above the so- 
called Paxton quartz schist which is non- 
sillimanitic in this area. 

Biotite which is found in much of the 
Brimfield schist is reflected in the sur- 
ficial formation in the vicinity of Stur- 
bridge (fig. 4, loc. 11) where the Brim- 
field contains an abundance of biotite. 
The rutile content is highest in the 
Eastern Uplands. Outcrops of rutile 
bearing formations are reported in this 
area (Johansson, 1950). 

The above examples serve as an illus- 
tration of the type of correlation possible 
between the mineral content of the sur- 
ficial materials with the subsurface and 
outcropping bedrock. The findings indi- 
cate that the addition of material by the 
outcropping and underlying bedrock is 
much more extensive in highland samples 
than in those from lower areas. A 
corollary to this observation is that 
glacial action appears to be able to reduce 
coarse material to sand size fractions with 
relatively little transportation, along 
with the releasing of sand size particles. 
More intensive heavy mineral analyses 
could make a considerable body of such 
information available which would prove 
useful in explaining the origins of the 
soils as well as the variations that occur 
among them. Specifically the survey has 
proved helpful in determining the re- 
sidual or transported nature of certain 
soils. Rudimentary beginnings have been 
made in understanding the paleogeog- 
raphy associated with the formation of 
these mineral grains and the results show 


that it is a fruitful field of study. 
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ABSTRACT 


The Bighorn dolomite was examined to determine the cause of its uneven weathering surface. 
Samples collected from two localities at the southeast end of the Wind River Range in Wyoming 
were found to contain quartz and opal in small patches which account for the very rough out- 


crop surface. 


INTRODUCTION 


This study was made to determine the 
characteristics of the Bighorn dolomite 
which cause the rough, knobby surface 
upon weathering. Particular attention 
was given to the variations in color on 
fresh and weathered surfaces, because it 
was thought that the colors might be a 
reflection of mineralogical differences 
which could influence the rate and de- 
gree of weathering. 

Fourteen samples were collected at 
two localities on the northeastern slope 
of the Wind River Mountains in west- 
central Wyoming. The first locality was 
on the north side of Wyoming Highway 
No. 28 about 20 miles south of Lander 
and four miles north of the Atlantic City 
turnoff; seven samples were taken from 
a 60-foot vertical section. The second 
locality was on the north wall of Sinks 
Canyon, Middle Fork of the Popo Agie 
River, about nine miles southwest of 
Lander; six samples were taken from a 
60-foot vertical section. Each sample 
from each locality was taken from a 
different ledge. The ledges in both 
localities are about eight to 12 feet thick. 
One sample was taken from a large 
weathered boulder lying below the out- 
crop on the south side of Sinks Canyon. 
Each sample was a large piece weighing 
approximately 15 pounds. 

The laboratory investigation of the 
samples included etching, staining, petro- 


graphic study of thin sections and in- 
soluble residues, and X-ray powder 
diffraction analyses of the rock and of 
the insoluble residues of some samples. 

The topographic expression of the 
Bighorn dolomite, its surficial appearance 
caused by differential weathering, and 
its appearance on fresh surfaces have been 
described by Darton (1906) and Black- 
welder (1913). It occurs as massive 
layers which form steep cliffs along the 
outcrop. The exposed and weathered 
surface is one of depressions, sharp to 
knob-like protuberances, and irregular 
reticulate ridges. The most common 
colors of the fresh rock lie within the 
yellow-red and yellow hues of light value 
and low to medium saturation (Munsell 
Rock Color Chart), whereas the colors 
of the darker portions of mottled rock 
lie within the yellow-red and yellow hues 
of medium to light value and low to 
medium saturation. The colors of the 
weathered surfaces generally lie more 
nearly within the middle of the yellow- 
red and yellow hues of medium value and 
low to medium saturation than to the 
colors of the non-weathered counter- 
parts. 


PREPARATION OF SAMPLES FOR TESTING 


The samples were sawed into slabs and 
some of the sawed faces ground to a 
nearly plane surface for etching. Some 
corresponding parts of the slabs were 
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cut out for thin sectioning. Other of the 
slabs were smoothed in order to be used 
in staining tests. 

Fragments were broken from the large 
samples for solubility tests and to obtain 
insoluble residues. Other fragments 
broken from both weathered surfaces 
and the more nearly fresh interiors of 
the large samples were crushed and 
ground to fine powder for X-ray analysis. 


ETCH TESTS 


A solution of eight percent hydro- 
chloric acid was used for etching. A tight 
dam of modeling clay was placed around 
a spot about two cm in diameter so that 
the acid was about one cm deep on the 
rock. The acid was left in contact with 
the rock for 10 minutes after which it 
was poured off and the rock thoroughly 
washed with distilled water. This pro- 
cedure was used on both light and dark 
colored spots, on the most porous and 
least porous portions, on coarse-grained 
and fine-grained portions, and on parts 
of the rock of intermediate characteris- 
tics. All reacted similarly although the 
degree and rapidity of etching were 
greater in the more porous portions of 
the rock. There was no differential 
etching that could be attributed to mixed 
presence of calcite and dolomite, but the 
presence of disseminated silica was 
indicated. 


STAINING TESTS 


The technique using Cu(NOs)e stain, 
described by Rodgers (1940), was used in 
an attempt to differentiate calcite from 
dolomite to determine their relative 
abundance. In this technique the calcite 
is stained blue, whereas the dolomite 
remains unstained. 

The results of the tests indicated the 
presence of more calcite than later X- 
ray analyses showed. This discrepancy 
was due possibly to fineness of grain in 
most parts of the rock which made it 
difficult to distinguish individual stained 
grains; or, more probably, to high poros- 
ity and permeability which permitted 
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absorption of reagents and therefore a 
show of too much color. This phenome- 
non was especially prominent in the 
weathered margins of specimens, along 
fractures, and in areas of grainy texture 
due to partial solution and recrystalliza- 
tion. 


INSOLUBLE RESIDUES 


A portion of each sample was placed 
separately in a six molar solution of 
hydrochloric acid and permitted to stand 
under a hood at about 30° C until no 
further reaction between acid and solid 
was noticable. More acid was added, 
until no further reaction was observed. 
The liquid was then evaporated slowly 
at about 40° C, and the residues were 
washed with distilled water and dried. 
No attempt was made to determine the 
percentage of insoluble material, but 
the mineralogy of the insolubles was 
determined by the X-ray spectrometer 
and microscopic examination. 

All the samples contained insoluble 
materials, but the type and amount 
were variable. Quartz and opal were the 
most common, illite was present in minor 
quantity in most of the residues, and 
pyrite mantled by iron oxide occurred as 
occasional grains. 

Except for occasional grains, the 
quartz occurred both as compact irregular 
masses and as fragile lacy bodies which 
filled the spaces between carbonate 
grains. All these masses were marked by 
a great number of dolomolds which indi- 
cated that calcite had been more easily 
replaced than had dolomite. The occur- 
rence, and therefore the general appear- 
ance, of the opal was similar to that of 
the quartz except that the opal was 
translucent whereas the quartz was 
exceptionally clear and glassy. A very 
small percentage of oolitic chalcedony 
occurred in two samples. 

The samples from the most prominent 
ledges, those of the lower part of the 
upper half of the 60-foot section in both 
localities, contained considerably more 
quartz and opal than those from more 
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recessed layers. Also, the samples from 
the prominent ledges contained less 
illite than those from the more recessed 
layers. Limonite and pyrite were most 
common in samples with the higher illite 
content. 


PETROGRAPHIC STUDY OF THIN SECTIONS 


The gross petrographic characteristics 
of the Bighorn dolomite in the two local- 
ities were very similar. Minor variations 
were caused primarily by the proportions 
of fine-grained and coarse-grained car- 
bonate and by the presence or absence of 
quartz and opal. Illite occured in very 
small amount and could not be detected 
easily. 

The compositions of the carbonates 
were not determined petrographically. 
The staining, X-ray, and etching tests 
indicated that both calcite and dolomite 
were present. Apparently the size of grain 
was not an accurate reflection of the com- 
position of the carbonate, as was borne 
out by the staining tests. 

Most of the quartz and opal had much 
the same mode of occurrence and habit, 
namely, as fine, disseminated irregular 
masses which were characterized by 
extremely fine projections from the main 
mass between adjacent grains of car- 
bonate. Quartz, which showed ‘‘comb” 
structure, partially filled vugs and short 
fractures. Fossil fragments of several 
kinds, all of which presumably had been 
carbonate, were composed of clear 
quartz. These latter masses are, in general, 
the largest individual masses of quartz 
in these samples. 

Estimated percentages of quartz and 
opal combined ranged from less than one 
to 15. Those samples with the higher per- 
centage of quartz and opal definitely 
contained some of each mode of occur- 
rence and habit. Those samples which 
had the higher percentage of fine, dis- 
seminated quartz, but not necessarily 
the highest percentage of all quartz, 
came from the more resistant ledges near 
the middle of the stratigraphic sections. 
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The minor constituents in the thin 
sections were limonite, muscovite, and a 
very fine, cloudy material which was 
assumed to be a clay mineral. This 
assumption was substantiated by X-ray 
diffraction patterns of the fine-grained in- 
soluble residues which showed illite to 
be present. The muscovite is shredded 
and irregular in outline and is thought to 
be detrital. 

The spatial distribution and boundary 
relationships between the fine and coarse 
carbonate and the quartz and opal are 
very irregular. Stringers and veinlets of 
coarse-grained carbonate penetrate into 
and cut across patches of fine-grained 
carbonate. Quartz and opal cut across 
both carbonates and protrude between 
and into grains of carbonate. 


X-RAY POWDER DIFFRACTION ANALYSES 


A North American Phillips X-ray 
Spectrometer with a copper tube was 
used. Fragments that were analyzed con- 
sisted, individually, of the light-colored 
rock, the dark-colored rock, and parts of 
the knobs on the rough weathered sur- 
face. 

X-ray powder-diffraction diagrams of 
each of these types of material from each 
sample showed dolomite to be the chief 
constituent. Calcite was a very minor 
constituent. The patterns of almost 
every sample showed weak to strong 
peaks for quartz. In some samples only 
material from the knobs from weathered 
surfaces contained enough quartz to 
cause definite quartz peaks in the pat- 
terns. In general the patterns of samples 
from the southern end of the Wind 
River Mountains indicated more quartz 
than did those of the samples from 
Sinks Canyon. There was no distinction 
between the amount of quartz in the 
light-colored and the dark-colored por- 
tions. 

The presence of illite was not notice- 
ably indicated on the X-ray diffraction 
patterns of any of the rock samples. How- 
ever, the patterns for several of the in- 
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soluble residues showed strong peaks for 
illite. None of these samples was rich in 
quartz or opal, and all were from the less 
resistant ledges that were sampled. 


SUMMARY AND CONCLUSIONS 


The weathered surfaces of the Bighorn 
dolomite, in the two localities sampled, 
are rough and knobby due to the presence 
of quartz and opal which are irregularly 
and unequally distributed. The parts of 
the exposed rock which contain an 
appreciable amount of quartz and opal 
are left as irregular shaped knobs and 
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ridges separated by valleys and depres- 
sions of similar irregularity. 

The cause of over-all greater resistance 
of the layers of dolomite in the lower 
part of the upper half of the section is the 
presence of a relatively higher quartz and 
opal content. 

The mottled coloring of the dolomite 
apparently is not due to dolomite-calcite 
distribution nor to quartz and opal dis- 
tribution. The cause was not determined. 

Most of the quartz and all the opal are 
authigenic. Detrital grains of quartz are 
extremely uncommon. 
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EXTRAORDINARILY COARSE EOLIAN SAND OF THE 
ICA DESERT, PERU 


NORMAN D. NEWELL anp DONALD W. BOYD 


The American Museum of Natural History and Columbia University, New York, 
and Union College, Schenectady, N. Y. 


ABSTRACT 


Eolian sandstreams along the Peruvian coast locally are composed of well-sorted granules 
of country rock in which the modal class exceeds three mm and the coarsest grains are six or 
seven mm in diameter. Generally this coarse sand is a first generation deposit and does not owe 


its sorting to earlier generations of sediments. 


The Pacific coast of Peru with an 
average precipitation of less than half a 
centimeter per year for more than a 
thousand miles south of Punta Aguja is 
one of the most arid regions on earth. 
This region contains many remarkable 
examples of sand dunes (Bowman, 1916; 
Broggi, 1952; Simons and_ Erickson, 
1953). Sea breezes which strike the coast 
from the south and southwest are re- 
markably uniform in direction and 
maximum velocity although there are 
marked diurnal fluctuations. Maximum 
velocities rarely exceed 50 or 60 kilo- 
meters per hour (fide Dr. Jorge A. 
Broggi). In the morning the wind begins 
to blow from the south, veering to the 
southwest in the afternoon, dying down 
by evening. In many places the offshore 
wind is quite strong, blowing a gale 
around midday. It is these persistent sea 
breezes, more or less parallel with the 
coast, which are responsible for the 
Humboldt current and upwelling cold 
water (Schweigger, 1949). A characteris- 
tic effect of the dominantly offshore 
winds are great trains of dunes of fine 
sand (termed chiflones by Broggi, 1952), 
and smaller sand rows, ‘‘sand streams” 
(Simons and Erickson, 1953}, and coarse 
ripples (pl. 1, fig. 1). These are linear 
features that clearly mark dominant 
jet streams of the wind. As the wind jets 
approach the Andean front, they gener- 
ally are deflected upward and clockwise 
in accordance with the Coriolis effect. 


From June to August, 1953, we were 
privileged, under the auspices of Seaoil, 
Limited, to make an examination of the 
geology along the coastal area between 
Pisco and Nazca, between approxi- 
mately 15° and 16° south latitude in 
southern Peru. In this area “sand 
streams” and great ripples of coarse sand 
are characteristic of the more exposed 
areas of elevated terraces and upland 
surfaces of the Coastal Cordillera. 
Throughout this area the coast is marked 
by a high sea cliff. Beaches are so narrow 
that they supply little or no sand to the 
adjoining uplands. There are no inter- 
mittent streams of water in the upland 
areas and none of the coarse sand under 
consideration here can be attributed to 
waves and running water. It is directly 
a product of weathering and deflation. 

As described by Simons and Erickson 
(1953), the sand streams consist of 
alternating light-colored ridges and 
darker furrows of sand, aligned more or 
less parallel with the predominant wind 
direction. These bands are crossed by 
coarse ripples. The sand is exceptionally 
coarse at elevated localities near the 
shore where wind velocities are highest. 
Diameters of the most abundant grains 
exceed three millimeters at many locali- 
ties. The coarsest material observed by us 
was on the Pampa Corre Viento near 
Bahia Media Luna along the auto- 
mobile road to Playa Media Luna, 95 
kilometers west-northwest of Nazca (fig. 
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PLATE 1 


Fic. 1.—View southwest toward Punta Zarate, near Otuma, Peru. Wind ripples in coarse 
sand. Distance between crest of ripples, one to one and a half meters; amplitude, 15-30 cm. 
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Fic. 2.—Eolian grains of fossil oyster-shell fragments, Talbo Bay, north of Punta Paracas, 
Peninsula Paracas, Peru. 
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WIND-SORTED SAND, PERU 


yA 88.51 


Sample Wt. I Kg. 
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Fic. 1.—Histogram of very coarse sand from 
Pampa Corre Viento, Southern Peru. 


1). In this place sand streams break down 
into irregular ripples of fine gravel in 
which the modal class lies between two 
and four millimeters in diameter. Exca- 
vation of the ripples (as elsewhere) shows 
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that the granules are of uniform size to 
bedrock beneath the ripple. Fine sand 
lodges temporarily on the lee side of the 
ripples and between the coarse grains. 
The relief of individual ripples of coarse 
sand ranges from about .15 to .30 meters 
and the distance between crests is about 
1.0 to 1.5 meters. Granules consist in 
most areas of rather well-rounded frag- 
ments of massive hypabyssal rocks of 
andesitic composition. Locally they are 
formed of fragments of fossil mollusks of 
Eocene age (pl. 1, fig. 2). In some cases 
the sand streams can be traced up in- 
clined surfaces to the bedrock source. 
Elsewhere it is clear that the sand grains 
have been rolled for several miles from 
any possible place of origin. It seems clear 
that the grains are residual, wind-sorted, 
and wind-transported material from 
which the finer fractions have been 
selectively winnowed. The textures are 
not inherited from older sedimentary 
rocks. This material is transported along 
nearly horizontal surfaces and down 
slopes by rolling and saltation. It shows a 
high order of sorting characteristic of 
eolian sands. 
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SUMMARY OF “CONCERNING SOME ADDITIONAL AIDS IN 
STUDYING SEDIMENTARY FORMATIONS” 
BY M. S. SHVETSOV' 


RICHARD D. TERRY anp GEORGE V. CHILINGAR 
University of Southern California, Los Angeles, California 


ABSTRACT 


An article by the Russian sedimentologist, Shvetsov, is summarized for wider distribution 
among Western geologists. The summary includes reproduction of Shvetsov’s diagrams for visu- 
al estimation of percentages of minerals in rock sections. In addition, the article points out the 
usefulness of water and acid for visual study of rock sections. 


INTRODUCTION 


Major factors which lead to lack of 
knowledge of Soviet research among 
Western sedimentologists are: (1) diff- 
culty of locating Soviet publications, 
(2) inability to read Russian, and (3) 
the high cost of translations. In view of 
this situation, the authors believe that 
the article by M. S. Shvetsov (1954) is of 
enough interest to warrant an English 
summary and full reproduction of his 
diagrams. 


SUMMARY OF SHVETSOV’S ARTICLE 


Since percentages are useful in strati- 
graphic correlations and genetic studies, 
it is important to determine accurately 
the percentages of the components (sand 
grains, shells, etc.) in sedimentary rocks. 
Any significant error in estimating the 
various percentages will lead to erroneous 
interpretation and correlation. Numer- 
ous methods have been described for 
determining the amount of various con- 
stituents in rocks, but most geologists 
prefer visual estimation because it is less 
time consuming. 

Shvetsov has made a comprehensive 
study on the accuracy of visual estima- 
tion methods. Part of the study consisted 
of asking each member of a geological 
meeting to estimate the percentages of 
various components in unmarked sec- 


1 Allan Hancock Contribution No. 160. 


tions. He found that there was great 
variation in their results; some geologists 
greatly over- or underestimated, but 
there was a tendency toward overesti- 
mation—even reaching five to seven 
times the correct values. In addition, 
same observers gave different estimates 
for different orientations of the same 
rock. This was due to variations in the 
character and distribution of grains in 
rock sections of different orientation. 

Shvetsov’s contribution consists of 
constructing diagrams representing var- 
ious percentages of grains (figs. 1-4). The 
diagrams can be used to compare with 
either hand specimens or microscopic 
rock slides. Shvetsov’s diagrams were 
prepared by cutting out two circles of 
equal diameter—one white and one 
black. A sector equal to the desired per- 
centage was then cut into small pieces 
and glued on the opposite colored circle. 

It is generally known among geolo- 
gists that wetting a rock section will 
usually bring out many details not other- 
wise seen in a dry section. However, it 
is necessary to maintain a water layer 
during the observation. Shvetsov points 
out the additional aid of first pouring 
dilute hydrochloric acid on a rock section 
followed by a washing with water. In 
addition to removing surface films and 
dust, the acid frequently etches the sur- 
face so that a low relief is formed due to 
different solubilities of the rock constit- 
uents. 
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CONCLUSIONS 


Folk (1951) made diagrams similar to 
Shvetsov’s for estimating percentages of 
minerals etc., in rock sections and also 
listed additional uses for such diagrams. 
Grains of more natural shape would 
probably be more advantageous, but 
regardless, Shvetsov’s and Folk’s dia- 
grams are very useful for visual estima- 
tion of percentages of grains in rocks. 


TERRY AND CHILINGAR 


Griffiths and Rosenfeld (1954) have 
made an excellent statistical study of 
operator variations in estimating propor- 
tions of minerals, mineral composition, 
grain size, shape, orientation, density, 
and porosity. Their study, like Shvet- 
sov’s, shows the high variability in 
estimating various parameters in the 
study of rock sections. 
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HOLLOW SANIDINE GRAINS: STRATIGRAPHIC MARKER FOR THE 


PIERCE CANYON FORMATION, WEST TEXAS AND 


SOUTHEASTERN NEW MEXICO 


D. N. MILLER, Jr. 
University of Texas, Austin, Texas 


ABSTRACT 


Sand-sized detrital sanidine grains with hollow centers are quite common in the Pierce 
Canyon formation,! a Permian or Triassic redbed of west Texas and southeastern New Mexico. 
Petrographic examination reveals that this type of hollow feldspar is widespread laterally and 


that it may be a useful stratigraphic marker. 


The Pierce Canyon formation is a red, 
textually mature siltstone (Folk, 1951) 
of arkosic composition which overlies 
the Permian evaporite section in the 
Delaware Basin of west Texas and south- 
eastern New Mexico. This formation is 
post-Rustler (upper Permian) and pre- 
Santa Rosa (upper Triassic) in age and is 
represented throughout the eastern part 
of the Delaware Basin by a 350 to 400 
foot sequence of brownish-red, thin- 
bedded, well-sorted siltstone. Interbedded 
with the siltstone are thin- to very 
thin-bedded, very fine sandstones. The 
red color of the sediment is due to 
hematite-stained illite and to a thin 
hematite coating on the surface of the 
detrital silt grains. Gypsum and calcite 
are the dominant cements. Fresh samples 
of the Pierce Canyon, obtained from 
cores, typically contain 50 to 60 percent 
subangular, plutonic igneous quartz; 15 
to 30 percent subangular, brilliantly fresh 
orthoclase; less than one percent fresh 
plagioclase; less than one percent well- 
rounded detrital chert; one to two per- 
cent muscovite, biotite, chlorite, and 
metamorphic rock fragments; one to 
three percent magnetite-ilmenite, tour- 
maline, zircon, leucoxene, apatite, and 
garnet; five to 10 percent hematite and 
illite; and two to five percent calcite or 


1 The petrology of the Pierce Canyon red- 
beds is the subject of a Ph.D. dissertation in 
progress at the Department of Geology, The 
University of Texas. 


gypsum cement. The mineral assemblage 
of this formation does not differ appreci- 
ably in any of the hundreds of samples 
examined from the Delaware Basin. 
There are local variations in the per- 
centage values of the minerals but these 
are largely due to difference in texture. 
The mean grain size of most of the sedi- 
ment is about 0.04 mm and the extreme 
range is from clay size to 0.5 mm. 
Feldspar grains (predominatly ortho- 
clase) in the Pierce Canyon formation 
have a mean grain size of 0.04 to 0.05 mm 
and a maximum of 0.5 mm. They con- 
stitute 15 to 30 percent of the sediment 
and are typically fresh and unaltered 
with smooth angular to subangular 
surfaces. The interiors of occasional 
grains contain a few bubbles (Folk, 1955), 
usually arranged along cleavage direc- 
tions, and rarely minute inclusions of 
rutile. Intermittently dispersed through- 
out the strata are siltstone lenses less 
than 10 feet thick which contain detrital 
sanidine having an entirely different 
appearance than the more common 
ortholcase just described. The sanidine 
is considerably larger than the ortho- 
clase, having a mean grain size of 0.12 to 
0.14 mm in all of the samples. Sanidine 
grains are conspicuous because they 
contain a large cavity or hole in the 
midst of an otherwise fresh mineral 
grain. Their occurrence has been noted in 
all of the siltstones of the Pierce Canyon 
and in stratigraphically equivalent beds 
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(Dewey Lake formation) farther east. In 
a few local areas, sanidine constitutes one 
percent of the total detrital constituents 
and up to 10 percent of the total feldspar 
content. In thin section the holes are very 
conspicuous because they typically occur 
in the center of the grain as illustrated in 
figures la—b. Most of the holes are empty 
(except for canada balsam) but a few 
contain sparry calcite or clear gypsum, 
the filling corresponding with the cement- 
ing constituent in that portion of the 
rock. Individual grains examined with 
the binocular microscope typically show 
an etched external surface and a cleav- 
age controlled lattice or cavity in the 
center of the grain, which appears white 
because it is filled with air. Crystals con- 
sisting of fragile outer shells with hollow 
centers have been observed in a few 
instances where a part of the surface 
has been broken off, and in some of these 
the cavity may occupy 80 percent or 
more of the grain volume. The cavity has 
a very irregular shape and appears both 
in binocular and petrographic examina- 
tion to be controlled more by solution 
along cleavage planes than by crystal 
zonation. Most frequently the central 
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Fic. 1a—b.—Hollow sanidine grains in thin section, Pierce Canyon redbeds, 
Delaware Basin, Texas and New Mexico (Ordinary light, 220) 


cavity follows a pattern similar to the one 
illustrated in figure 2. In other instances 
the shape of the cavity is nearly circular. 
In either case the hole appears to have 
been dissolved, and cleavage planes with 
bubbly alteration radiate outward from 
the hole into the fresh mineral. Elongate 
grains commonly have two or three holes 
or cavities. These are usually connected 
along cleavage planes by a lattice net- 
work of minute channels and vacuoles. 
Grains which do not contain a hole or 
cavity sometimes exhibit faint crystal 
zonation which is barely discernable 
under crossed nicols. Although quite 
elusive, the difference in optical orienta- 
tion between the inner and outer zones 
of the grain is enough to outline a re- 
tangular or rhombohedral pattern which 
is not in optical continuity with the 
outer shell. Zonation is more evident 
around the decomposed cavity but only 
indirectly so because the birefringence 
blurs as it converges in the immediate 
area between the hole and the otherwise 
unaltered sanidine. 

The only connecting channels between 
the hollow center and the fresh exterior 
surface are the cleavage planes. It is 
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therefore assumed that fluids penetrated 
the grain along these cleavage planes and 
dissolved the less stable central zone. In 
other instances a fracture or cleaved 
surface may initially have exposed the 
unstable interior and solution may have 
taken place on the surface. 

The central holes in the sanidine are 
believed to have been dissolved after de- 
position. None of the holes or cavities 
contain hematite, a few contain calcite or 
gypsum. It is therefore assumed that the 
holes were dissolved after deposition, 
post-hematite precipitation, and pre- 
cementation. The centrally located holes 
plus the uniformity of grain size suggests 
that the sanidine was transported only a 
short distance. Furthermore, it indicates 
that the grains have undergone little 
abrasion and therefore are about the 
same size as the original crystals in the 
igneous source. 

Sanidine grains with holes or cavities 
are widely but sparsely distributed 
throughout the Pierce Canyon forma- 
tion. Their appearance in this section is 
so striking that they attract attention. 
They have not been observed in the 
underlying redbeds of the Rustler forma- 
tion or in the overlying Santa Rosa red- 
beds; hence they may serve a_ useful 
purpose as a stratigraphic marker in 
these otherwise confusing red sediments. 
In the Delaware Basin region sanidine 
has been observed in the Pierce Canyon 
formation as far south as the town of 
Kent in Culberson County, Texas, as far 
north as the potash mines in east central 
Eddy County, New Mexico, and as far 
east as Colorado City (in Dewey Lake 
formation) in Mitchell County, Texas. 

The origin of the Pierce Canyon sedi- 
ments has not been determined yet al- 
though certain criteria have been estab- 
lished. The preponderance of plutonic 
igneous quartz, fresh subangular ortho- 
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Fic. 2.—Cleavage controlled cavity in hol- 
low sanidine grain (Ordinary light, 200). 


clase, and the accessory minerals pre- 
viously listed suggest a granitic source 
area supplemented by very minor 
amounts of metamorphic and sedimen- 
tary materials. Sanidine on the other 
hand suggests a trachyte or possibly some 
other eruptive or extrusive rock as a 
volcanic source. This source may be 
partially verified because euhedral and 
embayed quartz, believed to be of 
volcanic origin, has been observed in a 
few instances in the thin sections of 
the Rustler and Pierce Cayon forma- 
tions. Whether or not the two minerals, 
sanidine and quartz, originated at the 
same source is not known. There are two 
other factors which appear to favor a 
volcanic source for a part of this sedi- 
ment: the predominance of biotite over 
muscovite and the occurrence of apatite 
as a common heavy mineral. Both min- 
erals, biotite and apatite, might well 
be related to extrusive rocks. At best, 
about all that can be said is that volcanic 
rocks have contributed detritus to this 
sediment in small quantities, but those 
small quantities were widely dispersed 
and their occurrence may serve as a 
stratigraphic marker for the Pierce 
Canyon formation. 
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ADVISORY COMMITTEE ON 
RADIOACTIVE MINERAL 
EXPLORATION 


The Advisory Committee on Radio- 
active Mineral Exploration was organ- 
ized in the summer of 1952. It is com- 
posed of 15 members appointed, each for 
a three-year term, from the A.A.P.G., 
the S.E.G., and the S.E.P.M. 

As stated in the first informational 
circular distributed by this committee, 
“Tt so happens that in many regions 
where oil and gas are sought, ores of 
uranium may occur. This is especially 
true of extensive areas in the Rocky 
Mountain Province and in the western 
part of the Central Plains Province. 
There are many deposits of carnotite (a 
common uranium ore) in the Plateau 
Province of southeastern Utah and the 
adjoining corners of Colorado, New 
Mexico, and Arizona, and recently de- 
posits of uranium minerals have been 
found in the Powder River Basin in 
Wyoming. In these same areas, and in 
many others where uranium ores may 
occur, exploration for petroleum is being 
carried on aggressively by numerous 
companies. Therefore, it is suggested 
that these companies be encouraged to 
take steps to combine with their petro- 
leum exploration a moderate effort at 
exploration for radioactive minerals.” 

The primary functions of this com- 
mittee are: 

“To invite those who may be inclined 
or interested, to investigate the feasibil- 
ity of their carrying on exploration for 
radioactive minerals along with their 
petroleum exploratory efforts; 

“To give advice as to how and where 
such exploration for radioactive minerals 
may be conducted, if desired; 

“To advise where information can be 
obtained concerning the search for radio- 
active materials; 

“To endeavor to keep abreast of what 
is going on in this search for radioactive 
materials; and 
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“To encourage the preparation and 
presentation of papers on the subject of 
exploring for useful radioactive minerals. 

“This committee will concern itself 
with over-all encouragement of partic- 
ipation of the oil and gas industry in 
exploration for radioactive minerals and 
will deal with the broad aspects and 
policies of such a relationship. It will not 
be too much concerned with detailed 
techniques, problems of instrumenta- 
tion, methods, and processes for detailed 
surveys, nor with any of the technical 
aspects of the program which may better 
be handled by specialists. In no way will 
it suggest unified co-operation, or co- 
operative procedure, between organiza- 
tions for the conduct of radioactive 
mineral exploration. Its whole objective 
is to stimulate an interest in the search 
for radioactive minerals, occurring within 
feasible mining depths, when and where 
petroleum exploration is in progress.” 

The present membership of the com- 
mittee is as follows: 


Roland F. Beers 

Jean C. Finley 

Harold N. Fisk 

Cecil H. Green 

Gerhard Herzog 

Morton T. Higgs 

J. Harlan Johnson 

John C. Karcher 

Ronald E. McAdams 

Robert R. Rieke 

H. E. Stommel 

Wilfred B. Tapper 

Gerald H. Westby 

Henry C. Cortes, Vice-Chairman 
Frederic H. Lahee, Chairman 


From this membership a delegate for 
each society is annually appointed by the 
president of that society. For the year 
1954-55, Henry C. Cortes was the official 
delegate for S.E.G., Harold N. Fisk was 
delegate for S.E.P.M., and Fred H. 
Lahee was delegate for A.A.P.G. 
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GENERAL BATHYMETRIC CHART OF THE OCEANS 


Published by the INTERNATIONAL HYDROGRAPHIC BUREAU 
Quai des Etats-Unis, Monte Carlo (Principality of Monaco). 


. Twenty-four coloured sheets, each 110 X 75 cm. (43 X 29 1/2 ins.) showing deep sea 
soundings and depth contours of the oceans, together with the principal mountain ranges of 
continents. 

Sheets A and B are represented on Mercator projection : 
Scale 1:10000000 at the Equator. 


Sheets C are represented on gnomonic projection : 
Scale 1:3100000 at parallel 72°. 


The index chart shown below indicates the distribution of the sheets, with the year of 
the latest edition of each. 


195 1914 
in the press7777, in the press under revision 


180° revision 


* Sheet out of print. 

Price in U.S. Dollars. 

All sheets are priced at $3.00 each except AII, BII, BIII, A’ IJ, B’I, B’ III, 
which are priced at $8.00 each. 

Pamphlet giving list of sources utilized accompanying each sheet : $1.00. 

Complete set of sheets (except sheets out of print) : $70. 

Carriage and packing : $0.50 a sheet or $3.00 a complete set. 

Orders should be sent direct to the International Hydrographic Bureau, quai des 
Etats-Unis, Monte Carlo, Monaco (Principality). Payments to the International Hydrographic 
Bureau should be made by international money order or by cheque payable in Monte Carlo 
or by transfer to the Bureau’s account either at Barclays Bank Ltd. Chief Foreign Branch, 


168 Fenchurch Street, London, E.C.3, or at Barclays Bank Ltd. (Dominion, Colonial and 
Overseas), 120 Broadway, New York, N.Y. (U.S.A.). Stamps or cash are not accepted. 
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PERMIAN BASIN SECTION FIELD TRIP 


The Permian Basin Section of the Society of 


Economic Paleontologists and Mineralogists 
announces a field trip in the Guadalupe 
Mountains, October 22 and 23, under the 
leadership of Phillip B. King. Headquarters 
for the trip will be Carlsbad, New Mexico. 


afternoon and evening of October 21. 
Participants will have sufficient time to collect 
specimens and enter into the discussion of 
the geology at each stop. Further details can 
be obtained from Hugh N. Frenzel, secretary 
of the Permian Basin Section, Box 832, Mid- 


Registration in Carlsbad will be during the land, Texas. 
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Paper-bound copies $ 
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